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Figure 1. Anatomie et histologie de la prostate humaine et murine.
A. Localisation et représentation schématique de la prostate humaine (à gauche, coupe
sagittale) et murine (à droite, vue latérale). B. Coupes histologiques de prostates
humaine (à gauche) et murine (à droite) observées après coloration hématoxyline-
éosine.
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Figure 2. Représentation schématique du sinus urogénital mâle en coupe transversale.
L’épithélium urogénital (UGE) est situé autour de l’urètre, sous la vessie. Il est enveloppé
dans le mésenchyme urogénital (UGM). Lors de l’étape d’initiation, les bourgeons épithé-
liaux envahissent le mésenchyme selon un axe proximo-distal représenté par les flèches.
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Figure 3. Etapes du développement de la prostate chez l’homme et la souris
Le développement initial de la prostate se fait en 4 étapes: la détermination, l’initiation, le
branchement et la différenciation. Ces phénomènes ont lieu durant la période foetale chez
l’homme alors que le branchement et la différenciation a lieu en péridode néonatale chez les
rongeurs. Le pic de sécrétion d’androgènes à la puberté permet ensuite la maturation finale de
la glande. Modifié d’après Prins & Putz, 2008.
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Figure 4. Importance dumésenchyme urogénital pour le développement prostatique.
Différentes combinaisons de d’UGM et d’UGE provenant de souris sauvages (+) et Tfm ont été
réalisées et greffées sous la capsule rénale de souris sauvages. Les combinaisons UGE
(+)/UGM Tfm et UGE Tfm/UGM Tfm aboutissent au développement de tissus de type
vaginal. Au contraire, la combinaison UGE Tfm/UGM (+) permet le développement d’un
épithélium prostatique et la formation des acini. L’absence de protéines clés dans les sécré-
tions souligne néanmmoins la différenciation incomplète de l’épithélium obtenu.
Modifié d’après Cunha, 2008.
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Figure 5. Régulation du branchement de l’épithélium par les 	
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Figure 24. Fenêtre d’activité des complexes Cyclines/CDK durant le cycle cellulaire.
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Figure 28. Rôle des chaperonnes d’histone dans ’assemblage des nucléosomes. 
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Figure 1. Generation of PB-NPM1 transgenic mice. A. Schematic representation of
probasin-Flag-NPM1 transgene (left panel) and Flag-NPM1 protein accumulation levels in
transfected LNCaP cells in the absence or in the presence of the synthetic androgen R1881 (10
nM, right panel). B. RT-PCR analysis of the transgene expression profile in 4 months old
wild-type (WT) or transgenic (PB-NPM1) mice. As expected, the transgene is expressed
mainly in the ventral and the dorso-lateral prostatic lobes and in the vas deferens (top panel).
Twelve months-old wild type (WT) and transgenic (PB-NPM1) mice were treated with 75 μg
testosterone propionate or with vehicle twice a day during two weeks. Total protein from
ventral prostate was analysed by western-blot using anti-NPM1 and anti-AR antibodies
(bottom panel). C. In situ detection of transgene expression by immunohistochemistry using
an anti-Flag antibody on ventral prostate slices of 4 months old mice.
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Figure 2. NPM1 overexpression induces epithelial cell
proliferation and leads to prostatic hyperplasia.
A. Ventral (VP), Dorso-lateral (DLP) and Anterior (AP)
prostatic lobe weight of wild type and transgenic mice
aged 4 or 16 months. Bars represents ± SEM and a
Student’s T test was performed to assess statistical
significance (n = 4<x<7). B. HE staining of ventral
prostatic lobe from 16 month old WT and PB-NPM1
mice. C. Immunohistochemical staining of the
proliferative marker ki67 in the ventral lobe of 16 month
old transgenic and WT mice. The ki67 index represents
the ratio between the number of ki67 positive cells and the
number of total cells. At least 4000 cells were counted for
each condition. C. Proportion of acini displaying at least
one ki-67 postive cell (% of positive acini) and average
number of ki-67 positive cells per positive acinus in the
ventral lobe of 16 months-old WT and PB-NPM1 mice.
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Figure 3. NPM1 stimulates E2F1 target genes expression. A. Western blot analysis of cyclin E1 protein
accumulation in ventral prostate of 16 months old wild type and PB-NPM1 transgenic mice. B. Total RNA
was extracted from the ventral prostate of 16 months old WT and Tg mice and expression of ccnd1, ccne, pcna
and egf was mesured by RT-qPCR and normalized to the expression of 36b4. *:p<0,05; n=3. B. Heat map of
relative expression level of NPM1, CCND1 and CCNE1 in metastatic prostate cancer samples (n=37) using
MSKCC Prostate Oncogenome Project data set from cBio genomic portal (Taylor et al, 2010, referenced as
GSE 21032)(top panel). Relative expression level of NPM1 and CCND1 in healthy prostate (n=28) vs.
prostate adenocarcinoma (n=59) according to the Grasso dataset (Grasso et al, 2012) (bottom panel). D and E.
RT-qPCR analysis of mRNA accumulation of Rb-dependant (D) and –independent (E) E2F1 target genes in
the ventral prostate from 16 months-old WT and PB-NPM1 transgenic mice. Results are normalised to the
expression of 36b4. Bars represents ± SEM and a Student’s T test was performed to assess statistical
significance (n=3).
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Figure 4. NPM1 overexpression downregulates p27kip1 protein level. A. Western-blot analysis of Rb and
p27kip1 protein accumulation in ventral prostate of 11 month old wild type and transgenic mice. B. RT-qPCR analysis
of mRNA accumulation of p27kip1 in the ventral prostate from 16 months-old WT and PB-NPM1 mice. Results are
normalized to the expression of 36b4 mRNA. Bars represents ± SEM and a Student’s T test was performed to assess
statistical significance (n=3). C. HeLa cells were co-transfected with human E2F1-luc, CCNE-luc or SKP2-luc
reporter genes together with NPM1 or E2F1 expression vectors as indicated. Luciferase activity was assessed using
the Genofax A reporter assay systems (Yelen Corp., France). D. NPM1 overexpression increase p27kip1
ubiquitination. HeLa cells were co-transfected with Flag-NPM1, HA-p27kip1 and Ubiquitin-His6x expression vectors
as indicated. After 2 days, the MG-132 proteasome inhibitor was added for 3 hours and then, harvested cells were
lysed for SDS-PAGE analysis and immunoblot visualization of ubiquitin p27kip1 conjugated protein with an anti-HA
antibody. E. Heat map of relative expression level of NPM1 and SKP2 gene expression in metastatic prostate cancer
samples (n=37) using MSKCC Prostate Oncogenome Project data set from cBio genomic portal (Taylor et al, 2010,
referenced as GSE 21032).
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Abstract 1 
The mammalian target of rapamycin (mTOR) plays essential roles in the regulation of a wide 2 
array of growth-related processes such as protein synthesis, cell sizing and metabolism in both 3 
normal and pathological growing conditions. These functions of mTOR are thought to be 4 
largely a consequence of its cytoplasmic activity in regulating translation rate, but 5 
accumulating data now highlight supplementary role(s) for this serine/threonine kinase within 6 
the nucleus. Indeed, the nuclear activities of mTOR are currently associated with the control 7 
of protein biosynthetic capacity through its ability to regulate the expression of gene products 8 
involved in the control of ribosomal biogenesis and proliferation. Using primary murine 9 
embryo fibroblasts (MEFs), we observed that cells with overactive mTOR signaling displayed 10 
higher abundance for the growth-associated NPM1 protein, in what represents a novel 11 
mechanism of NPM1 gene regulation. We show that NPM1 gene expression is dependent on 12 
mTOR as demonstrated by treatment of wild-type and Pten inactivated MEFs cultured with 13 
rapamycin or by transient transfections of small interfering RNA directed against mTOR. In 14 
accordance, the mTOR kinase localizes to the NPM1 promoter gene in vivo and it enhances 15 
the activity of a NPM1-luciferase reporter gene providing an opportunity for direct control. 16 
Interestingly, rapamycin did not dislodge mTOR from the NPM1 promoter but rather strongly 17 
destabilized the NPM1 transcript through a posttranscriptional mechanism of mRNA decay. 18 
Finally, we also show that NPM1 expression is required to promote mTOR-dependent cell 19 
proliferation. Moreover, NPM1 mRNA was found up-regulated and sensitive to rapamycin in 20 
a prostate-specific Pten-deleted mouse model of cancer. We therefore proposed a model 21 
whereby mTOR is closely involved in the transcriptional and posttranscriptional regulation of 22 
NPM1 gene expression with important implications for our understanding of how this 23 
pathway operates to regulate proliferation in development and diseases including cancer. 24 
  25 
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Introduction 1 
The mammalian target of rapamycin (mTOR) is a highly conserved serine/threonine protein 2 
kinase that regulates cell growth and metabolism in response to nutrient availability, growth 3 
factor and cellular stresses.1, 2 It belongs to the family of phosphatidylinositol 3-kinase 4 
(PI3K)-related kinases (PIKKs) and operates in two functionally distinct cellular complexes 5 
termed mTOR complex 1 (mTORC1) and 2 (mTORC2) which associate respectively the 6 
regulatory-associated protein of mTOR (raptor) and the rapamycin-insensitive companion of 7 
mTOR (rictor).3, 4 Once activated, mTORC1 promotes cell growth through enhanced 8 
translation resulting from activation of the ribosomal S6 subunit kinase (S6K) and 9 
inactivation of the eukaryotic translation initiation factor 4E (eIF4E)-binding protein (4E-10 
BP1).5 This growth-promoting activity which is further strengthened by mTORC2-dependent 11 
functions is now described too for its ability to activate a transcriptional program that is 12 
critical for protein synthesis and cell growth. Therefore, by binding to the promoter of RNA 13 
polymerase I and III transcribed genes, mTOR increases the abundance of ribosomal RNAs 14 
(rRNA) and transfer RNAs (tRNA) leading to enhanced protein biosynthetic capacity and 15 
increased cell growth.6 16 
More recent studies have identified additional gene regulatory networks downstream of 17 
mTORC1 complex that might activate specific cellular processes that are likely to contribute 18 
to human physiology and disease. Using a genome-wide scale analysis, Chaveroux et al.7 19 
have demonstrated that mTOR occupies many regulatory region on chromatin obtained from 20 
mouse livers with a strong enrichment at the proximal promoter of the NPM1 gene. This latter 21 
encodes the abundant and ubiquitously expressed nucleophosmin protein (NPM1 also known 22 
as B23, numatrin and NO38) which has been originally identified as a non-ribosomal 23 
nucleolar phosphoprotein found at high levels in the granular regions of the nucleus.8 Its 24 
expression is found to be more abundantly expressed in proliferating cells than in resting cells 25 
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and is increased markedly and promptly in association with mitogens9, 10 or certain cellular 1 
stresses.11-13 Like mTOR, NPM1 expression is altered in several different types of cancer and 2 
is demonstrated to be a positive regulator of ribosome biogenesis, cell proliferation and 3 
resistance to cell death. 14 To date, the regulatory mechanisms involved in the regulation of 4 
the NPM1 gene expression are not understood in detail but experimental evidence have 5 
demonstrated that transcription factors such as YY1 and Myc can both bind directly to the 5’ 6 
region of the NPM1 gene. 15, 16 In addition to the activity of the mTOR kinase to control 7 
mitochondrial oxidative activities and metabolism, 17, 18 its recruitment to the NPM1 promoter 8 
region prompted us to address whether mTOR targets the NPM1 gene to modulate its 9 
expression at a transcriptional level. Besides, it is currently unknown to which extent these 10 
two key regulators of cell proliferation might interact to regulate common biological functions 11 
with implications in diseases and cancers. 12 
In this study, we demonstrate that the mRNA and the protein levels of NPM1 are elevated in 13 
fibroblasts with hyperactive mTOR signaling in comparison with wild-type fibroblasts. 14 
Furthermore, we show that rapamycin inhibition and RNA silencing of mTOR reduce NPM1 15 
expression indicating that a mTOR-dependent transcriptional complex might be involved in 16 
this control. By using a chromatin immunoprecipitation (ChIP) assay in conjunction with a 17 
reporter luciferase assay, our data indicate that mTOR binds the NPM1 target gene at the 18 
promoter to regulate its expression. Finally, the finding that NPM1 levels were increased in 19 
prostate tumors of mutant mice with genetic inactivation of Pten raised the possibility that 20 
hyperactive mTOR directly leads to elevated levels of NPM1 perhaps due to an increased 21 
requirement of ribosomal synthesis in cancer cells. Therefore, our data may help to clarify the 22 
mechanisms underlying the transcriptional regulation of the NPM1 gene and may shed light 23 
on the ability of mTOR to control NPM1 functions in particular regarding the effect of mTOR 24 
in increasing ribosomal biosynthesis during proliferation and neoplastic transformation. 25 
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Figure 1. NPM1 mRNA and protein levels are enhanced in MEF cells 
inactivated for Pten. (A) Thirty µg of total protein extracts from wild-type 
(WT) and Pten knockout (KO) mouse embryonic fibroblasts were separated by 
SDS-PAGE and immunoblotted with specific antibodies as indicated (n=3). (B) 
RT-qPCR analysis of NPM1 mRNA accumulation in WT and Pten KO MEFs 
(normalized to 1.0 relative to 36b4 mRNA gene for control WT MEFs). Bar 
graphs show the mean level of three independent experiments (±SEM) and a 
student’s test was performed to assess statistical significance. **p<0.001 
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Results 1 
Pten-null fibroblasts display higher expression levels of NPM1. 2 
Despite the multitude of NPM1 functions in a plethora of biological processes, the molecular 3 
mechanisms of NPM1 gene activation are still poorly understood. Recent data emerging from 4 
genome-wide chromatin immunoprecipitation analyses indicate that the highly conserved 5 
mTOR protein kinase localized at many regions surrounding the transcriptional starting site of 6 
genes with a significant enrichment at the NPM1 promoter gene.7 This suggests that mTOR 7 
may regulate NPM1 expression and prompted us to address the relationship between these 8 
two proteins. For this purpose, we have taken advantage of mouse embryonic fibroblasts 9 
(MEFs) lacking Pten since these cells display increased Akt Thr-308 phosphorylation levels 10 
due to overactive phosphatidylinositol 3-kinase (PI3K) signaling pathway. In turn, this led to 11 
full activation of mTOR complexes as evidence by the feedback up-regulation of phospho-12 
Akt at serine 473 and elevated phosphorylation levels of the downstream S6 ribosomal 13 
(Ser235/236) target protein. Immunoblot analyses of cell lysates show that Pten-null mouse 14 
embryo fibroblasts had increased levels of NPM1 protein compared with their wild-type 15 
counterparts (Fig 1A). This change in protein abundance is correlated with a 2.5- to 3.0-fold 16 
increase in NPM1 mRNA levels after normalization to the house keeping gene 36b4 (P < 17 
0.01) by qRT-PCR assays (Fig 1B). Therefore, these data indicate that enhanced activation of 18 
mTOR due to sustained Akt signaling in MEFs lacking Pten may contribute to regulate 19 
positively NPM1 at a transcriptional and/or posttranscriptional level. 20 
 21 
NPM1 expression is affected by mTOR inhibition. 22 
In an attempt to define if mTOR was responsible for nucleophosmin accumulation, we treated 23 
wild-type and Pten negative MEF cultures with 20 nM of the allosteric mTOR inhibitor 24 
rapamycin for 24 hours and compared the amounts of NPM1 by western blotting. This long-25 
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Figure 2. Inhibition of mTOR signaling reduces NPM1 expression in MEFs. (A) Cultured 
wild-type (WT) and Pten knockout (KO) cells were treated for 24 hours in the absence or the 
presence of 20 nM rapamycin.  Cell extracts were prepared and aliquots containing 30 µg of 
total proteins were resolved by SDS-PAGE for proteins visualization by Western blotting. (B) 
Cells were incubated as above except that rapamycin was added to the medium for 4 hours. 
NPM1 and mTOR expression levels were then assayed by RT-qPCR from mRNA isolated from 
WT and KO MEFs for Pten and levels were normalized by comparison to the 36b4 mRNA. Bar 
graphs show the mean levels of at least three independent experiments (±SEM) of qPCR-
amplified NPM1 (normalized to 1.0 for control untreated WT MEF cells). (C) Western blot 
analysis of total NPM1 and mTOR in MEF cells treated with a pool of siRNA (50 nM) for 48 
hours against mTOR. β-actin levels are shown as a loading control. (D) RT-qPCR analysis of 
NPM1 expression after depletion of mTOR. Errors bars represent mean ± SEM normalized to 
WT untreated cells (n=3). *p <0.01. 
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term treatment should likely inhibit both mTOR complexes since previous studies have shown 1 
that rapamycin binds to the intracellular protein FKBP12 to generate a drug-receptor complex 2 
that then tethers a large fraction of the free mTOR molecules to inhibit the kinase activity of 3 
mTORC1 and suppress the assembly and function of mTORC2.19 Unphosphorylated S6 was 4 
used as a loading control and phosphos-S6 (Ser235/236) showed that mTORC1 signaling, 5 
which stimulates phosphorylation of the ribosomal S6 protein at this site, was inhibited by 6 
rapamycin. The experiment in Figure 2A clearly showed that addition of rapamycin compared 7 
to vehicle slightly reduced NPM1 protein levels in wild-type MEFs as well as in Pten-deleted 8 
MEFs although at a greater extent (50% inhibition, P = 0.09) that might be related to the 9 
higher sensitivity to mTOR inhibition. Unlike a recent report,20 this fall in NPM1 abundance 10 
is likely to occur in part at the transcriptional level since NPM1 mRNA levels are reduced by 11 
25% (p < 0.01) and 40% (p < 0.001) respectively in wild-type and Pten-null MEFs after 4 h of 12 
treatment with 20 nM rapamycin (Fig 2B). As shown in Figure 2A, prolonged treatment with 13 
rapamycin did not lead to the loss of phospho-Akt (S473) in MEF with PTEN loss (compare 14 
lanes 3 and 4) and indicates that the assembly of mTORC2 might not be completely blocked 15 
in these conditions. Thus, we asked if it is possible to reduce further the amount of NPM1 16 
mRNA by lowering total mTOR to decrease both mTORC1 and mTORC2 complexes. 17 
Indeed, a knockdown of mTOR in Pten-deficient MEFs did no trigger a stronger decrease in 18 
NPM1 mRNA levels and protein abundance although mTOR mRNA abundance is decreased 19 
by more than 80% (Fig. 2C and D). Therefore, our data are consistent with a transcriptional 20 
and/or posttranscriptionnal regulation of the NPM1 gene by mTOR complexes. 21 
 22 
mTOR binds to the Npm1 promoter and modulates its transcriptional activity. 23 
To confirm the above observations, we examined the DNA binding activity of mTOR in MEF 24 
cultures using standard chromatin immunoprecipitation (ChIP). As shown in Figure 3, mTOR 25 
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Figure 3. mTOR binding and activation of Npm1 promoter. (A) Endogenous mTOR is 
associated with Npm1 promoter region in a rapamycin-independent manner. ChIP assays were 
conducted using a mTOR antibody in WT and Pten KO MEFs in the absence or the presence 
of 20 nM rapamycin for 4 hours. Binding of mTOR to Npm1 promoter and Pol-III transcribed 
tRNAArg/Tyr were determined with PCR primer sets described in Material and Methods. Rabbit 
IgG were used as negative control. (B) Npm1 is a transcriptional target of mTOR. HeLa (left) 
and MEF (middle) cell lines were cotransfected for 48 hours with 200 ng of hNPM1-luc 
plasmid encoding the luciferase under the control of the human NPM1 promoter and 
increasing amounts of a pCMV-Flag mTOR vector (100, 200 and 500 ng). The luciferase 
activity measured in WT MEF cells transfected with NPM1-luc or CMV-luc was normalized 
to 1 and a relative fold-induced luciferase activity was then calculated for Pten KO MEFs in 
the same experimental conditions (right). Error bars represent ± SEM (n=3; asterisk, p<0.05; 
two asterisks, p<0.01; three asterisks, p<0.001). 
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immunoprecipitated DNA was analyzed with PCR primer pairs spanning the NPM1 promoter 1 
region and the pol III-transcribed tRNAArg/Tyr positive control gene (see Materials and 2 
Methods). In lines with previous reports, mTOR specifically targets the pol-III transcribed 3 
tRNAArg/Tyr gene, but not a non-mTOR-bound genomic region (negative control) thus 4 
confirming the specificity of the reaction. Examination of multiple experiments confirmed the 5 
association of endogenous mTOR to the upstream region of the NPM1 gene in wild-type 6 
MEFs cultured in normal growth conditions (Fig. 3A, left). This region encompasses the peak 7 
found by Chaveroux et al. at -425 from the transcription starting site and seems to be specific 8 
of the ChIP assay since no signal was detected with control IgG. Interestingly, Pten loss did 9 
not substantially increased mTOR occupancy since we detected equivalent amount of mTOR 10 
associated at this promoter (Fig 3A, right). Moreover, treatment with rapamycin did not 11 
reduce the level of mTOR occupancy at the NPM1 promoter region suggesting that mTOR 12 
binding is insensitive to inhibition with rapamycin. 13 
The presence of mTOR at NPM1 template may allow it to regulate transcription of this gene 14 
directly. This possibility was explored using the human NPM1 promoter 5’flanking region 15 
from -1200 to +87 fused to the luciferase reporter gene. The resulting hNPM1-luciferase 16 
construct was transiently transfected into HeLa and MEF cells either alone or in combination 17 
with increasing amounts of mTOR expression vector. Following transfection, cells were 18 
maintained in serum-free media and 24 h later, cells were harvested and luciferase expression 19 
was measured. Ectopic expression of mTOR in HeLa and MEF cells nearly double the NPM1 20 
promoter activity in a dose dependent manner in our experiment conditions (Fig. 3B, left and 21 
middle). In addition, we found that the luciferase activity was strongly enhanced in Pten-null 22 
MEFs (9.5-fold, p < 0.01) in comparison with wild-type MEFs (Fig 3B, right). In comparison, 23 
cells were transfected with a CMV-driven luciferase expression vector (pcDNA4/T0-luc 24 
provided by H Kleinert). As shown in Fig. 3B (left panel) the activity from the hNPM1-25 
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Figure 4. mTOR signaling inhibition by rapamycin increase Npm1 mRNA turnover. 
Total mRNA from early log phase growing MEFs were used for qPCR analysis of Npm1 
expression. Cells were treated with actinomycin D (5 µg/ml), rapamycin (20 nM), or 
rapamycin plus actinomycin D as indicated. Cells were harvested after 10h and total mRNA 
was extracted for NPM1 expression evaluation. The mRNA level in WT MEFs alternatively 
treated with vehicle was considered as 100%. Data are representative of 3 independent 
experiments and expressed as fold change relative to WT vehicle-treated MEFs, taken as 
calibrator for comparative quantitation analysis of mRNA levels. Each sample was 
measured in triplicate and bar graphs represent mean ± SEM (*p<0.05; **p<0.01; 
***p<0.001)  
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luciferase reporter gene in Pten deleted MEFs was 4.6-fold more stimulated when compared 1 
to that of the CMV-luciferase control gene (p = 0.01). This latter result is contrasting with the 2 
data from our ChIP assays since we did not observed any substantial increase in the 3 
association of mTOR with the endogenous Npm1 promoter in MEF cells inactivated for Pten 4 
(Fig. 3A). Nevertheless, these results clearly indicate that mTOR increases the transcriptional 5 
activity of the NPM1 promoter although we cannot conclude whether this association requires 6 
other transcriptional co-regulators or component of the mTORC1/2 complexes. 7 
 8 
Rapamycin regulates NPM1 steady-state mRNA levels. 9 
The work described above shows that rapamycin caused a rapid significant decreased in 10 
NPM1 mRNA levels in both wild-type and Pten-/- MEF cells at 4 h (Fig. 2A) suggesting that 11 
inhibition of mTOR signaling might affect gene transcription and/or mRNA turnover to 12 
regulate NPM1 gene expression. This latter assumption is supported by several lines of 13 
evidence showing that signaling through mTOR promotes mRNA decay.21 To test this 14 
possibility, the levels of NPM1 mRNA were thus quantified by RT-qPCR in MEF cells in the 15 
presence of the RNA polymerase II inhibitor actinomycin D (ActD) or with rapamycin. As 16 
shown in Figure 4, mTOR inactivation by rapamycin down-regulates NPM1 mRNA by 17 
around 60% in both wild-type (0.41±0.04 of the control vehicle value, p < 0.001) and Pten 18 
deleted MEFs (0.64±0.29 of the control vehicle value, p < 0.05). In contrast, ActD alone only 19 
decreased mRNA levels from 25% in both cell lines suggesting that inhibition with rapamycin 20 
strongly upregulates NPM1 mRNA turnover. Of note, addition of ActD to cells treated with 21 
rapamycin prevents the effect observed with rapamycin alone. Thus the enhanced turnover of 22 
NPM1 mRNA in mTOR-inhibited cells can be suppressed by inhibition of RNA polymerase 23 
II transcription. This may reflect the need of a transcriptional event to recruit the general 24 
cellular mRNA degradation machinery to regulate NPM1 mRNA turnover. 25 
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Figure 5. Npm1 overexpression in mouse prostate tumors induced by Pten loss is 
sensitive to chronic mTOR inhibition by rapamycin. (A) Homozygous Pten 
deletion increases Npm1 abundance in the mouse dorsolateral prostate gland lobe. 
Protein lysates were prepared from three month-old animals and were probed with 
the indicated antibodies by western immunoblotting. (B) Chronic mTOR inhibition 
decreases the abundance of Npm1 in Pten-null prostate cancer. Three-month old Pten 
conditional knockout mice were chronically administrated with either vehicle or 
rapamyscin (10mg/kg/day). After 4 days, protein levels in the anterior compartment 
of the Pten-null prostate lobe were separated by SDS-PAGE and assayed by western 
blotting using the indicated antibodies. Representative blots are derived from 2 
different animals per group. Compared Pten knockout mice treated with vehicle 
(lanes 1 and 2) with rapamycin-treated animals lanes 3 and 4).  
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NPM1 is a downstream effector of mTOR signaling with implication in prostate cancer. 1 
Our previous report that NPM1 is overexpressed in prostate cancer22, together with the fact 2 
that mTOR serves a pivotal role in cancer suggest that these two proteins may be functionally 3 
link to regulate events involved in prostate cancer cell growth control. To answer this, we 4 
used the conditional murine Pten prostate cancer model with a constitutive activation of the 5 
Akt/mTOR signaling pathway in the prostate epithelium.23 This model is greatly appropriate 6 
since it recapitulates the disease progression seen in humans with the formation of high-grade 7 
prostatic intraepithelial neoplasia and invasive carcinoma. Consistent with our findings in 8 
MEF cells with deletion of Pten, the abundance of the NPM1 protein is increased in prostate 9 
tumors of Pten-/- animals in conjunction with Akt activation and phosphorylation of the 10 
downstream mTOR effector S6 ribosomal protein (Fig. 5A). Of note, chronical administration 11 
for 4 days with rapamycin (10 mg/kg/day) almost completely inhibits the expression of 12 
NPM1 in the dorsolateral compartment of prostate gland of Pten knockout mice (Fig 5B, 13 
lanes 3-4 compared with lanes 1-2). The lack of phosphorylation of S6 protein in rapamycin-14 
treated animals confirms that the mTOR pathway was efficiently blocked by our treatment 15 
and let us conclude that mTOR also regulates NPM1 expression in vivo. 16 
One important remaining question is to know whether NPM1 acts as a downstream mediator 17 
of mTOR to promote cellular adaptation for growth. This questioning cannot be solved by 18 
deleting Npm1 gene expression in the Pten knockout mice because it complete inactivation 19 
leads to embryonic lethality at mid-gestation24, and no mouse model for conditional 20 
inactivation of Npm1 is currently available. To circumvent this limitation, we have assessed 21 
the proliferation rate of wild-type and Pten-/- MEFs, non-silenced or silenced for Npm1, using 22 
the bromodeoxyuridine (BrdU) incorporation cell-based assay. As shown in Figure 6, NPM1 23 
silencing efficiency was near 90% compared to control cultures transfected with a non-24 
specific control unrelated GFP siRNA sequence (Fig. 6A). Interestingly, the growth 25 
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Figure 6. Pten deletion-induced proliferation in MEFs with hyperactive mTOR 
requires NPM1. (A) Exponentially growing MEFs were transfected with the NPM1 or 
control GFP (Ctrl) siRNAs. 24 hours after transfection with 50 nM NPM1 and Ctrl GFP 
siRNAs, whole-cell extracts were prepared and western blot was performed using antibodies 
against NPM1 and β-actin for loading control. (B) NPM1 depletion reverses Pten-loss 
induced hyper-proliferation of MEFs with hyperactive mTOR signalling. Wild-type and 
inactivated MEFs for PTEN were plated at a respective density of 17,5 x 103 and 7,5 x 103 
cell per well into a 96-wells plate and were transfected 1 day later with either NPM1 and Ctrl 
GFP siRNAs. After 24 hours, medium was changed and the cell proliferation was assayed by 
using the BrdU reagent according to the Material and Methods. (C) NPM1 silencing 
decreased the upregulated Cyclin D1 protein level induced by Pten inactivation. MEFs 
deleted for Pten were transfected as above and total protein lysate of equal numbers of cells 
were subjected to Western blot analysis with antibodies to cyclin D1, cyclin D2, cyclin E, 
and cyclin B.  
10 
 
advantage of Pten-/- MEFs is significantly reduced after depletion of Npm1 (20% inhibition, p 1 
< 0.05) while NPM1 down-regulation had a moderate effect on the proliferation of control 2 
wild-type MEFs (Fig. 6B). When compared to control wild-type MEFs, NPM1 silencing 3 
prevents the growth enhancement induced by Pten loss. One possible explanation for this may 4 
reside in the decreased expression of cyclin D1 in Pten inactivated MEFs silenced for NPM1 5 
(Fig. 6C). This is an interesting finding since Pten act as general negative regulator of cyclin 6 
D expression.25 Indeed, inhibiting NPM1 in MEF cells with hyperactive AKT/mTOR 7 
signaling may thus contribute to counteract the increased expression of cyclin D1 in Pten 8 
inactivated MEFs and to restore cell cycle regulation in these cells. Collectively, these results 9 
suggest that NPM1 may function downstream of mTOR to coordinate mitogenic signals to 10 
control cell growth and cell-cycle progression. 11 
  12 
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Discussion 1 
Signaling through the mammalian target of rapamycin (mTOR) regulates many diverse 2 
cellular processes, especially those contributing to cell growth and proliferation. In the past 3 
couple of years, many important advances have been made in identifying new components of 4 
the mTOR network and in further elucidating connections between known components. In the 5 
present study, we provide evidence that Npm1 is a downstream signaling target of mTOR that 6 
may participate in the mTOR-dependent coordination of cell growth and cell-cycle 7 
progression in response to mitogenic signals. By actively shuttling between the nucleolus and 8 
cytoplasm, Npm1 was reported too to take on various distinct cellular functions. Indeed, the 9 
biological significance of Npm1 in ribosome biogenesis and transport, anti-apoptotic activity, 10 
the regulation of centrosome duplication and the regulation of tumors suppressors have been 11 
largely documented although its upstream regulatory mechanisms still represent a major gap 12 
to fulfill.14, 26-28 13 
Using cell lines and animal models bearing a targeted deletion of the Pten gene that leads to 14 
hyperactivation of the mTOR signaling, we find that Pten-null MEFs display more Npm1 15 
protein and mRNA than their wild-type counterpart. This increase is also observed in the 16 
prostate gland of the conditional murine Pten cancer model indicating thus that active mTOR 17 
signaling pathway in prostate cancer cells might also impinge on Npm1 expression in vivo. In 18 
both situations, Npm1 enhanced expression is sensitive to rapamicyn inhibition of mTOR 19 
although our in vitro data show that mTOR association with the Npm1 promoter is insensitive 20 
to rapamycin. Actually, it is not clear how this kinase acts to increase the transcriptional 21 
activity we observed toward the Npm1 promoter and we cannot exclude that this later may 22 
serve to assemble competent transcriptional mTORC complexes onto chromatin. Of interest, 23 
the mTOR enriched 5’ enhancer promoter region of Npm1 includes a functional YY1-binding 24 
motif that has been already characterized.15 It is thus tempting to suggest that mTOR might 25 
12 
 
control Npm1 gene transcription through a YY1 transcriptional complex as reported for other 1 
genes that adapts the mitochondrial oxidative function in response to nutrients and hormonal 2 
signals.17 This should be easily assess by testing the mTOR-YY1 interaction into chromatin to 3 
determine whether this interface constitute a key regulatory step to enhance Npm1 gene 4 
expression when mTOR is hyperactive. Moreover, silencing YY1 as well as components of 5 
the TORC complexes namely the Raptor and Rictor proteins may provide additional valuable 6 
insights to unravel the mechanism of Npm1 gene transcriptional activation by mTOR 7 
dependent complexes. 8 
Interestingly, mTOR binds to promoters of RNA polymerase I- and III- transcribed genes and 9 
these associations with ribosomal DNA (rDNA) and transfer RNA (tRNA) enhancer regions 10 
are believed to be crucial to the protein synthetic capacity of the cell and its growth ability. By 11 
directly controlling Npm1 gene expression, mTOR would allow the cell to connect nutrient 12 
and/or hormonal signals to activate ribosome biogenesis. This is of particularly interest 13 
because Npm1 was initially described as a ribosome chaperone or assembly factor that was 14 
found associate with pre-ribosomal RNA processing. In support of this notion, a fraction of 15 
soluble Npm1 interacts with pre-ribosomal 60S particles.29 It facilitates cleavage of ribosomal 16 
RNA in vitro and acts as an endoribonuclease for the maturing rRNA transcript. 30, 31 Not 17 
surprisingly, inhibition of Npm1 thus results in a decrease in cell growth as a consequence of 18 
impaired processing of pre-rRNA to mature 28S rRNA and inhibition of ribosome subunit 19 
export from the nucleolus to the cytoplasm.32, 33 Altogether, these observations support the 20 
notion of a functional coupling between mTOR and Npm1 to coordinate the manufacturing of 21 
ribosomes and our finding that rapamycin down-regulates Npm1 abundance may provide an 22 
explanation to understand why mTOR signaling inhibition interferes with the processing of 23 
rRNA as recently noted by Iadevaia et al.34  24 
13 
 
The regulation of Npm1 mRNA turnover we have reported in this study constitutes an 1 
unexpected finding that raises important questions in regards to the specific elements within 2 
the Npm1 mRNA that controls its stability and the cytoplasmic mRNA degradation machinery 3 
that might be activated when mTOR pathway is inhibited. In fact, multiples mRNA were 4 
demonstrated to be destabilized after treatment with rapamycin in yeast21 and our findings 5 
now define Npm1 as a new potential target of the mTOR regulated mRNA decay. From our 6 
complementary experiments, Npm1 mRNA destabilization is unlikely to occur through the 7 
AU-rich-mediated decay machinery which has been recently described by Cammas et al.35 8 
While in muscle cells the AU-rich elements (AREs) located at the 3’ untranslated region (3’-9 
UTR) sequence of the Npm1 mRNA were shown to participate to the posttranscriptional 10 
downregulation of the Npm1 gene expression, inhibition of mTOR by rapamycin did not 11 
destabilizes a Renilla luciferase reporter gene fused to the Npm1-3’-UTR sequence (Rluc-12 
NPM-3’ provided by A Cammas) in transiently transfected MEF cells (not shown). This allow 13 
us to conclude that the destabilization of Npm1 mRNA may be regulated through another 14 
mechanism of mRNA decay and the actinomycin D-mediated stabilization of Npm1 mRNA in 15 
presence of rapamycin suggests the need of a pol II-dependent transcription event to control 16 
Npm1 mRNA stability. One attracting possibility is the transcriptional repression of antisense 17 
non-coding RNA (ncRNA) by mTOR dependent complexes. This hypothesis fits well with 18 
our data, since inhibition of mTOR by rapamycin could relief the transcriptional repression of 19 
ncRNAs and allow their complementary association with Npm1 mRNA for targeted 20 
degradation. In this sense, mRNA degradation by microRNA (miRNA), small interfering 21 
RNA (siRNA) and large intergenic non-coding RNA (lncRNA) all appears as plausible 22 
possibilities and inhibition of pol-II transcription by actinomycin D should stabilize Npm1 23 
mRNA in presence of rapamycin. This is a very interesting issue to address and further works 24 
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is required to completely understand how mTOR pathway is post-transcriptionally regulating 1 
Npm1 gene expression. 2 
Nevertheless, these informations combined with the results we provided here may have 3 
important implications for cancer biology since mTOR is a critical effector of cell-signaling 4 
pathways which is commonly deregulated in human cancers. This is particularly the case in 5 
prostate cancer where several molecules within the AKT/mTOR signaling pathway are altered 6 
during prostate cancer progression with potential diagnostic markers including PTEN, p-7 
AKT, and mTOR.36, 37 In addition, mTOR signaling molecules have been specially proposed 8 
as a central player in prostate cancer because of their influence on cell growth capacities.38 9 
The general belief is that activated mTOR may provide certain tumors cells with a growth 10 
advantage by promoting protein synthesis, which is the best-described function of mTOR. By 11 
regulating Npm1 gene expression through transcriptional and posttranscriptional mechanisms, 12 
increased mTOR activity may lead to the enhance Npm1 expression that has been already 13 
reported by us and others in human prostate cancer.22, 39 It is currently unknown whether 14 
deregulated mTOR and Npm1 are associated in clinical samples of prostate cancer but it is 15 
tempting to speculate that mTOR might stabilize Npm1 mRNA level to stimulate cell growth 16 
by regulating protein synthesis and cell cycle progression. The increased abundance of Npm1 17 
in Pten knockout mouse prostate cancer model is in good agreement with this assumption and 18 
the possibility to restore cell cycle progression in Pten inactivated MEF cells silenced for 19 
Npm1 further strengthen its functional role as a downstream effector of mTOR signaling. 20 
Collectively, our results suggest that mTOR is closely involved in the regulation of Npm1 21 
gene expression with potential implication for prostate cancer therapies that may benefit from 22 
a better understanding of the mTOR signaling pathway to identify new molecule targets to 23 
inhibit in prostate cancer progression and the evolving treatment landscape of resistant 24 
prostate cancer. 25 

15 
 
Materials and Methods 1 
Chemicals and biochemicals. 2 
Life Technologies (Cergy Pontoise, France) supplies the Dulbecco’s modified Eagle medium 3 
(DMEM, cat#41965), glutamine (cat#25030), antibiotics (Pen/Strep, cat#15140), DPBS 10X 4 
(cat#14200). Fetal bovine serum was obtained from Biowest (cat#51810). Rapamycin and the 5 
non-ionic emulsifier Cremephor EL were respectively purchased from LC Laboratories 6 
(#catR5000) and Sigma-Aldrich (#catC5135). Goat polyclonal anti-NPM1 (C-19, sc-6013), 7 
rabbit polyclonal anti-cyclin D1 (M20, sc-718), rabbit polyclonal anti-cyclin E (M-20, sc-8 
481), rabbit polyclonal anti-cyclin A (C-19, sc-596) and rabbit polyclonal anti-cyclin B1 (H-9 
433, sc-752) were purchased from Santa Cruz Biotechnology; rabbit polyclonal anti-phospho-10 
AKT Ser473 (ab81283) from AbCam, rabbit monoclonal anti-phospho-AKT Thr308 11 
(cat#2965), rabbit monoclonal anti-AKT (cat#9272), rabbit monoclonal anti-S6 (cat#2217), 12 
rabbit polyclonal anti-phospo-S6 Ser235/236 (cat#2211), rabbit polyclonal anti-mTOR 13 
(cat#2972) from cell signaling; and rabbit polyclonal anti-βactin from Sigma-Aldrich 14 
(cat#A2066). The Npm1-luciferase reporter gene was obtained by cloning the PCR amplified 15 
DNA fragment from the -1200 to +86 promoter region of the human NPM1 gene (Forward 16 
primer, 5’-GATCGGTACCGTGACACAGGAGCTCTCAGAAAGG-3’; Reverse primer 5’-17 
GATCCTCGAGACTTAGGTAGGAGAGAAGGCGGAC-3’) directly into the KpnI/XhoI 18 
sites of the pGL3-basic luciferase reporter vector (Promega, Charbonnière Les Bains, France). 19 
 20 
Cell cultures and transfections. 21 
Mouse Embryonic Fibroblast cells were cultured in 10 cm plates in DMEM supplemented 22 
with 10% fetal calf serum at 37°C in a humidified atmosphere containing 5% CO2. HeLa cells 23 
were maintained in DMEM supplemented with 10% fetal calf serum, as above. For transient 24 
transfections, 3 x 105 HeLa cells per well were plated in 6 well-plates and the next day, 25 
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transient transfections were performed using the Metafecten procedure (Biontex Laboratories 1 
GmbH, Germany). For wild-type and Pten knockout MEFs, 2 x 105 and 1 x 105 cells/well 2 
were plated respectively and cells were transfected the next day according to the same 3 
procedure. After 12 h, the medium was replaced with fresh complete medium and 2 days 4 
later, cells were lysed and the luciferase activity was measured with the assay system from 5 
Yelen. For depletion of Npm1 and mTOR, we used the siGenome mouse Npm1 (cat#18148) 6 
and mouse mTOR (cat#56717) siRNA- SMART pools from Dharmacon (sequences available 7 
upon request). 8 
 9 
Animals and treatments. 10 
Mice were housed individually (24°C; light on 07.00-19.00h) and allowed free access to 11 
water and diet (A03 standard diet cat#U8200G10R from SAFE, Augy, France). When stated, 12 
animals received daily i.p. injections of either vehicle for the control or Sirolimus at a dose of 13 
10mg/kg per day for 4 days. Mice were killed and tissues were freeze-clamped and stored at -14 
80°C for further analyses. All animal care and experimental procedures were in accordance 15 
with the French guidelines for animal experimentation and were ethically approved by the 16 
local committee on Animal Experiments. 17 
 18 
RNA extraction and RT-qPCR analysis. 19 
Total RNA was isolated from MEF cells using the RNAzol method according to the 20 
manufacturer’s instructions (Quantum, Montreuil-sous-bois, France). For cDNA synthesis, 21 
five hundred nanograms mRNA were reverse transcribed for 1 h at 42°C with 5pmoles of 22 
random hexamer primers, 200 units reverse transcriptase (MuMLV RT, Promega), 2mM 23 
dNTPs and 20 units RNAsin (Promega) as described. 40 A half microliter of one-tenth dilution 24 
of the cDNA was used in each quantitative PCR reaction. These were conducted with the 25 
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mouse Npm1 sequence specific primers (Forward: 5’-GCAGGGGCAAAAGATGAGT-3’; 1 
Reverse: 5’-CAAAGCCCCCTAGGGAAAC). Each reaction was performed in triplicate in a 2 
final volume of 15µl with 0.75µl of the appropriate 20X probe mix and 7.5µl of PCR 3 
Mastermix (Precision-iC., PrimerDesign.co.uk). Relative mRNA accumulation was 4 
determined by the ΔΔCt method and 36b4 (Forward: 5’-GTCACTGTGCCAGCTCAGAA-3’, 5 
Reverse: 5’-TCAATGGTGCCTCTGGAGAT-3’) was used for quantative normalization of 6 
cDNA in each cell-derived sample. Statistical analysis was performed with Student's t-test. 7 
 8 
Preparation of cell extracts and Western Blot analysis. 9 
Mouse tissues were harvested from three-month old wild-type and PTENLoxP/LoxP ; PB-Cre4+ 10 
mice and immediately homogenized in ice cold NaCl buffer [0.42M NaCl, 20mM Hepes (pH 11 
8.0), 1.5mM MgCl2, 0.2mM EDTA, 25% glycerol, 0.1% NP40, 1mM PMSF, 1μg/ml 12 
apoprotinin, 1μg/ml leupeptin]. To make the whole-cell lysates, MEF cells were washed with 13 
1X PBS and resuspended in ice cold NaCl buffer. After brief sonication on ice and 14 
clarification for 30 min at 15,000 x g, 40µg of proteins were resolved through SDS-15 
polyacrylamide gels and transferred to nitrocellulose membranes. Membranes were blocked 16 
with milk buffer [5% milk in Tris-buffered saline (TBS)-Tween 20] for 1 h and incubated 17 
with the indicated primary antibody in milk buffer overnight at 4°C. The membranes were 18 
washed three times with TBS-Tween 20 and then incubated 90 min with horseradish 19 
peroxidase-conjugated donkey anti-rabbit or goat anti-rabbit immunoglobulin G secondary 20 
antibody (P.A.R.I.S biotech, Compiègne, France), followed by enhanced chemiluminescence 21 
(Santa Cruz Biotechnology) according to manufacturer's instruction. 22 
 23 
 24 
 25 
18 
 
Cell proliferation assay. 1 
Cell proliferation was determined using the cell-based BrdU (Bromode oxyuridine) 2 
proliferation assay. Briefly, MEF cells were seeded in 96-wells plate and transfected with 50 3 
nM Npm1 or control GFP siRNAs. The next days, medium was changed and cells were 4 
cultured in 200 µl of complete medium. After 48 hours, the BrdU labelling solution was 5 
added at a final concentration of 10 mM for 2.5 hours and the absorbance was measured at 6 
655 nm following fixation after an additional incubation of 1 hour with the anti BrdU-POD 7 
solution according to the Cell Proliferation ELISA BrdU colorimetric kit from Roche Applied 8 
Science. 9 
 10 
Chromatin immunoprecipitation. 11 
Chromatin immunoprecipitation assays were performed according to the Upstate protocol. 12 
Sheared DNA fragments were immunoprecipitated with an anti-mTOR (Abcam, ab32028) 13 
and a mock rabbit IgG (Diagenode) was used as a negative control. Sequences of primers 14 
used for mouse Npm1 promoter PCR were: Forward 5’-GCAGGGGCAAAAGATGAGT-3’ 15 
and Reverse 5’-CAAAGCCCCCTAGGGAAAC). Primer sets for mouse tRNAArg/Tyr (chr3 16 
segment 19528000 to 19528500: Forward 5’- CTTGCCGCTCCCTTCGATAG-3’; Reverse 17 
5’-AGAGGAGGAGGAGCGCACCTG-3’) and a negative control non-mTOR-bound 18 
genomic region (Forward 5’-TTGGCATTGATATTGGGGGTGGGAGCAACT-3’; Reverse 19 
5’ GACTTCTTACTTTGACGCTTTCCTCCA-3’) were used as described.7 PCR conditions 20 
for all primers were as follows: 94°C for 3 min, followed by 32-35 cycles at 94°C for 30s, 55-21 
58°C for 45s and 72°C for 45s. 22 
 23 
 24 
 25 
19 
 
Statistical analyses 1 
All experiments were repeated at least three times and results were expressed as mean ± SEM. 2 
Statistical differences between groups were determined by Student’s t test and the criterion 3 
for statistical significance was P<0,05. For western blotting results, the band intensities were 4 
measured by using the ImageJ and normalized with β-actin. 5 
 6 
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Figure 40. Modèle de stabilisation de l’ARNm de NPM1 par 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Figure 44. Principaux marqueurs de différenciation dans l’épithélium prostatique.
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Figure 45. NPM1 induit l’expression de l’EGF.
 48 %' '3   #3!% *%'  %3 %*4 8519 
43!% 8:497$3-#81:!-8;L’expressionl’EGF
$3### l’expression>47;.4#%4!%4-#;48%'
'3  % - '#3$% 48 30 334  4 8449%
% !%  #303!% 84-89   - # 81:!-8;  % 
l’expressionl’EGF$3###  l’expression4;.>'#3
3#;343033*3%*%1;



4 
 	
		
	
<:

	
,&

,
&
	
,


 !!,*'$+#' *- $*:*- (+ *-(,#-++.:*- *+  ,:+#' : $9$* $*:,*
-#'+  *- (,#$*--:- '+"*"*'+ -/  4:5 *  * **0(,*--#'  * 4- .: ++*-+*  * 
 !!,*'$+#' !#'$+#''**- *-$*:*-(+ *-"+:,*-$$:":*'+ *-(:;(</-*
",.:*:, * !!,*'$+#' +*,"'* -* !0**+ ' *  -':---'+'- $#""* :'
(:--'+!,*' (,#,*--#' :$9$*$*:,**+$#""*:','+ * .:*-$*'$* *-
$*:*-(+ *-:'*,>#*+/-<££=8:*+/-:>>?@/'*"',*'+,*--'+*-
-:,*0(,*--#' *	< '-(,#-++* *'#-'":0*-+$#,,*:'*(*,+* *(:;(<
*+:'* "':+#' ***0(,*--#' *'*-$*- *4/'*(:-- *-,-:++-*'$#:,- *
(:$+#'-"#'+,*'+.:* *-$*:*-(+ *- *$' !,*'+(*, *'+ **0(,*--#'
 *	<:!:,*+"*-:,* * !!,*'$+#':
#+#'--#:"-@/-*++* "':+#'
 * 	< *-+ --#$*  *$$:":+#'  * (:;(<- $* .: ,*'!#,$* * *' *'+,* $*-  *:0
(,#+'*-/'*:+,*-+: *-#'+$#,,*';*: **0(,*--#' *	<*+ !!,*'$+#'
$*:,*/ 
 (,-*'$*  * 	< *-+ *' *!!*+ '$*--,* (#:, * "'+*'  : -++:+
' !!,*'$ *-$*:*--#:$ *-":-$:,*-- *$*:*-$'$,*:-*- "+#(#+.:*-#:
*'$#,*  *- $*:*- -#:$ *- *",9#'',*- :.-- .",9#''$ +*" -*-@ ::-: *+ /-
:><<8 -""-*+/-:><A85*,*,*+/-:>>;8 # '--#'' "#'--#'-:><>@/  -*,+
 #'$'+,*--'+ * +*,"'*,*"($+ *-:,*0(,*--#' *	<-:, !!,*'$+#'
 *-$*:*-(+ *-(,#-++.:*-/#:,$*-'#:-(,#(#-#'- *'9-*,
*(,#! *
 !!,*'$+#' *-$*:*-*0(,"'+*+,'-'*(,"":'#!:#,*-$*'$*:$*:*-¥@/
	#:- ,-*,#'- :' $#5",.:* *' :+-'+ :'* $#"'-#'  *'+$#,(- !:#,*-$*'+-
 ,- $#'+,* *(+#(* ! *+ $#'+,*  *- ",.:*:,-  *-  !!,*'+*- +(*-  * 
 !!,*'$+#' **(+ :"(,#-++.:*:
@/.'+--'+:'(,#!(,$- *$*-
",.:*:,-  '- *- $*:*- ¥- '#:- (#:,,#'-  +*,"'*, .:** +(*  * 
 !!,*'$+#'(+ **-+#.:*(, :'* -:,*0(,*--#' * 	</ '**-+$*(*' '+
(-*0$:.:*$*++* *,',* ' :-*:'*  !!,*'$+#' *-$*:*-.: -:,*0(,"*'+/
#:,+*-+*,$*++* 9(#+ -*-'#:-(#:,,#'-:+-*,"+ # * *'*$*:,*,$*
 *-(,#+'*-!:#,*-$*'+*-/#:,$*!: ,+',*, *--#:,-(#-- '+*'* *
,*$#"'-*-.:	
@-#:- *$#'+,+* :(,#"#+*:, *:'",.:*:, *
 !!,*'$+#'+*,"'*$#""*(:;(<-'-.:*$#'-+,:$+#'"B":';*: :#$:-
#-:C-$#'':(#:,-#'*0(,*--#':.:+,*:#,'#-<£££@/-*++*$#'-+,:$+#'$#'--+*
Figure 46. Activation des récepteurs de l’EGF dans un contexte sain et néoplasique.
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Gène de l’EGF de rat
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du gène de l’EGF de l’homme, de la souris et du rat.
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NPM1 Silencing Reduces Tumour Growth and MAPK
Signalling in Prostate Cancer Cells
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Abstract
The chaperone nucleophosmin (NPM1) is over-expressed in the epithelial compartment of prostate tumours compared to
adjacent healthy epithelium and may represent one of the key actors that support the neoplastic phenotype of prostate
adenocarcinoma cells. Yet, the mechanisms that underlie NPM1 mediated phenotype remain elusive in the prostate. To
better understand NPM1 functions in prostate cancer cells, we sought to characterize its impact on prostate cancer cells
behaviour and decipher the mechanisms by which it may act. Here we show that NPM1 favors prostate tumour cell
migration, invasion and colony forming. Furthermore, knockdown of NPM1 leads to a decrease in the growth of LNCaP-
derived tumours grafted in Nude mice in vivo. Such oncogenic-like properties are found in conjunction with a positive
regulation of NPM1 on the ERK1/2 (Extracellular signal-Regulated Kinases 1/2) kinase phosphorylation in response to EGF
(Epidermal Growth Factor) stimulus, which is critical for prostate cancer progression following the setting of an autonomous
production of the growth factor. NPM1 could then be a target to switch off specifically ERK1/2 pathway activation in order
to decrease or inhibit cancer cell growth and migration.
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Introduction
The progression of prostate cancer is associated with alterations
of key genes that control the cell homeostasis, their deregulation
and/or amplification leading to increased cell proliferation and
invasive capacities. We previously identified NPM1 (nucleophos-
min 1) as one of the genes whose expression is significantly
increased in prostate tumour cells when compared to non-tumour
adjacent tissue [1], indicating that NPM1 could act as an enhancer
of prostate cancer progression. NPM1 is a major multifunctional
phosphoprotein accumulated at high level in the granular region
of the nucleolus and is able to shuttle between the nucleolus, the
nucleoplasm and the cytoplasm [2]. Because of its nucleolar
localization, its intrinsic RNase activity and its association with
maturing pre-ribosomal ribonucleoproteins, NPM1 has been first
proposed to regulate ribosomal RNA transcription and processing.
However, NPM1 has been more recently demonstrated to display
chaperone activities. It binds to histones, favours DNA-histone
assembly, mediates nucleosome formation and relaxes chromatin
[3] thereby controlling gene expression. NPM1 also interacts with
a wide range of maturating proteins to induce their proper folding
in the active state. Among those proteins, there are cell growth
regulators such as the oncoprotein MDM2 (Mouse Double Minute
2 homolog). Furthermore, NPM1 binds to and inhibits the tumour
suppressor proteins P53 and Rb (Retinoblastoma) [4] highlighting
that NPM1 could have a role in oncogenic processes. Some of the
NPM1 specific interactions with cell cycle regulators have already
been clarified, but its role in the behaviour of solid tumour cells, as
well as its integration in the cell signalosome is yet to be
determined. Here we address the question whether NPM1 could
potentiate proliferation, migration and invasion capacities of
prostate cancer cells. In this study, we report that the level of
NPM1 in prostate cancer cells specifically regulates EGF
expression and the MAPK (Mitogen Activated Protein Kinases)
signalling pathway. We also show that high levels of NPM1
positively impact cell proliferation and cell migration, thus
participating in the control of tumour growth.
Materials and Methods
Ethics statement
All animals were maintained in a controlled environment and
animal care was conducted in compliance with the national
standard policies (C 63 014.19). All experiments were approved
the Auvergne Regional Ethics Committee, France (protocol
CE09-08).
Cell culture and stable transfection
LNCaP (Lymph Node Carcinoma Prostate) cells were cultured
in phenol red Roswell Park Memorial Institute 1640 medium
(RPMI 1640, Life Technologies, Saint-Aubin, France) supple-
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mented with 10% heat-inactivated fetal bovine serum (FBS) and
incubated in standard conditions (37uC, 5% CO2).
Cells were infected according to manufacturer’s instructions
with lentiviral particles containing either three target-specific
constructs (shNPM1) or unrelated sequences (shScr, Srambled) (sc-
29771-V, Santa Cruz, Heidelberg, Germany). Following infection,
puromycine (1 mg/ml) was added to the culture medium in order
to select stably transduced cells and to perform monoclonal
selection.
Wound healing migration assay
Control LNCaP cells (shScr) and NPM1 knocked-down LNCaP
cells (shNPM1) were seeded in 24-wells plates and grown to
confluence for 24 hours. The monolayer culture was then scrape-
wounded with a sterile micropipette tip in order to create a gap of
constant width. Cellular debris were washed with Phosphate
Buffered Saline 16 (PBS) (Life Technologies). Cells were next
grown in RPMI 1640 10%FBS that was replaced 12 hours after
wounding and then every 24 hours. LNCaP cell migration was
photographed into the wounded region at 24, 48 and 72 hours
following the scraping (1006magnification) and remaining wound
areas were then quantified with ImageJ free software.
Boyden Chamber invasion assay
For cell migration assay, 36105 shScr and shNPM1 LNCaP
cells cultured in serum free RPMI 1640 were seeded into the
upper well of a transwell chamber system. Medium containing
10% FBS was added to the lower chamber. After incubation for 24
to 48 hours, the non-migrated cells were removed with the upper
well. The cells that migrated to the bottom insert surface were then
fixed with methanol and stained with a 5% Giemsa solution. Five
random fields were photographed (2006magnification) and cells
were quantified with ImageJ free software as the mean 6 SD of
colonies counted per field.
Soft agar colony formation assays
Six-wells plates were prepared with 2 ml/well of a warm
solution of 0.6% low melting agarose (Agarose Sea Plaque FMS
product low melting, 50101, LONZA, Ozyme, Montigny-le-
Bretonneux, France) in RPMI 1640, 10%FBS. After solidification,
56103 of shScr or shNPM1 LNCaP cells were plated per well in a
solution of 500 ml of 0.3% agarose in RPMI 1640 medium
containing 10%FBS. The plates were then incubated in RPMI
1640, 10%FBS medium that was changed every 3–4 days. After 2
weeks, colony formation was quantified using the ImageJ free
software: colonies were photographed (1006magnification) on 5
different fields and the relative colony number was calculated as
the mean 6 SD of the colonies counted per field.
Clonogenic assay
16104 shScr and shNPM1 LNCaP cells were seeded in 6-wells
plates in RMPI 1640, 10%FBS medium. Medium was changed
every 3 days. After 2 weeks, the medium was removed and cells
were washed with PBS 16 then fixed with methanol and stained
with a 5% Giemsa solution. Foci formation was evaluated and
colony formation was quantified using the ImageJ free software:
colonies were photographed (1006magnification) on 5 different
fields and the relative colony number was calculated as the mean
6 SD of the colonies counted per field.
Cell proliferation assay
Cell proliferation was determined using Cell proliferation
ELISA BrdU (Bromode´oxyuridine) colorimetric kit (Roche)
according to the manufacturer’s instructions. Briefly 56103 shScr
or shNPM1 LNCaP cells per well were seeded in a 96-wells plate.
They were cultured for 24 hours in RPMI 1640 medium, 10%
FBS in the presence of absence of EGF (E9644, Sigma). Then,
BrdU labelling solution was added at a final concentration of
10 mM for 2.5 hours. After fixation, the cells were incubated with
anti BrdU-POD solution for 1 hour, and absorbance was
measured at 655 nm.
Western Blotting
Proteins were extracted using HEPES 20 mM, NaCl 0.42 M,
MgCl2 1.5 mM, EDTA 0.2 mM, and Nonidet P-40 1% supple-
mented with phenylmethylsulfonyl fluoride (PMSF) 1 mM (Sig-
ma), protease inhibitors (Complete 1X; Roche), NaF 0.1 mM, and
Na3VO4 0.1 mM (Sigma). Forty mg of total proteins were then
subjected to denaturing SDS-PAGE and transferred to nitrocel-
lulose Hybond-ECL membrane (GE Healthcare Life Sciences,
Velizy-Villacoublay, France). Detections were performed using
antibodies raised against b-actin (A2066, Sigma), NPM1 (sc-6013-
R, Santa Cruz, Heidelberg, France), EGFR (Epidermal Growth
Factor Receptor, NB100596, Novus), phospho-EGFR Tyr 1068
(2236S, Cell Signaling, Ozyme), ERK1/2 (M5670, Sigma, Saint-
Quentin Fallavier, France), phospho-ERK1/2 p42/44 (9101S,
Cell Signaling, Ozyme) AKT (9272, Cell signaling, Ozyme),
phospho-AKT Ser 473 (2118-1 Epitomics) and revealed with
peroxidase-conjugated anti-rabbit IgG (Immunoglobulin G,
P.A.R.I.S, Compie`gne, France) using a Western Lightning System
kit (PerkinElmer, Villebon sur Yvette, France). Signal quantifica-
tion was performed using Quantity One software (Bio-Rad).
Promoter construct, transfection and luciferase assays
The human EGF promoter fragment (2392/+123) was
generated with the following primers: 59-GAT-
CAAGCTTGGGCTGAAGGTGAACTATCTTTAC-39 (For-
ward) and 59-GATCCTCGAGGACAGAGCAAGG-
CAAAGGCTTAGA-39 (Reverse), then cloned into the HindIII/
XhoI restriction sites in a pGL3-basic vector (Promega, Charbon-
nieres, France). The constitutively active MAP kinase kinase
kinase1 (caMEKK1) expression plasmid was a kind gift from Dr.
Dirck Bohmann (University of Rochester Medical Center,
Rochester, USA). shScr and shNPM1 LNCaP cells were
transfected 24 h after seeding with the pGL3-hEGF and/or
caMEKK1 plasmids in OPTI-MEM using Metafectene transfec-
tant according to the manufacturer’s instructions (Biontex,
Martinsried-Planegg, Germany). Twenty-four hours after trans-
fection, cells were lysed into Reporter lysis buffer 16 (Promega)
and the luciferase activity was measured using the Genofax A
luciferase assay kit (Yelen, Ensue la Redonne, France).
Preparation of RNA and real-time quantitative PCR
Total cellular RNA was extracted using TRIzol reagent (Life
Technologies) and cDNA was synthesized with 200 U of Moloney
murine leukemia virus-reverse transcriptase (Promega), 5 pmol of
random primers (C1181, Promega), 40 U RNAsin (Promega), and
2.5 mM deoxynucleotide triphosphate. mRNA levels were quan-
titated on a Mastercycler ep Realplex (MasterCycler2, Eppendorf,
Le Pecq, France) with Mesagreen QPCR Mastermix Plus for
SYBR (Promega). Sequences of the primers are the following:
NPM1, 59-ATGGAAGATTCGATGGACATGG-39 (Forward)
and 59-CGAGAAGAGACTTCCTCCACTGC -39 (Reverse);
PCNA, 59-TGCCTTCTGGTGAATTTGCACGT-39 (Forward)
and 59- ACCGTTGAAGAGAGTGGAGTGGC-39 (Reverse),
Actin, 59-CGCGAGAAGATGACCCAGATC-39 (Forward) and
59TCACCGGAGTCCATCACGA-39 (Reverse) (Eurogentec, An-
NPM1 Regulates PCa Growth and the MAPK Pathway
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gers, France). For human EGF, primers were purchased from
Qiagen (PPH00137B-200, Qiagen, Courtaboeuf, France).
In vivo Nude mouse tumour xenograft model
ShScr and shNPM1 LNCaP cells were grown to confluency
then resuspended in matrigel (BD matrigel basement membrane
matrix phenol red free, BD Biosciences, Le Pont de Claix, France)
to a concentration of 96106 cells/ml. Three hundred ml of the cell
suspension (approximately 36106 cells) were injected subcutane-
ously in 6 weeks old Nude mice (Swiss NU/NU, Charles River,
L’Arbresle, France). Disease progression was monitored daily,
based on a set of general wellness criteria set by the animal care
committee, and body mass was recorded thrice a week until a
predetermined endpoint was reached. Endpoints included: dehy-
dration and/or weight loss of over 10%, any evidence of
respiratory distress, body weight increase of over 5 g from the
average. Tumours were measured thrice a week using an
electronic caliper since palpable tumours were detectable. Mice
were killed by cervical dislocation under gas anesthesia. Xeno-
grafts were then removed, weighted and snap-frozen in liquid
nitrogen for RNA and protein analyses.
Statistical Analysis
All assays were done in at least 3 independent experiments.
Standard errors were calculated for each mean, and statistical
differences between groups were determined by Student’s t test or
the non-parametric Mann & Whitney U test using Prism software.
For longitudinal analyses, a random-effect model (mixed model)
was considered to study the fixed effects group (NPM1 expression),
time-points and interaction group 6 time taking into account
between and within subject variability (random effects slope and
intercept).
Results
NPM1 regulates clonogenic and proliferative capacities
of prostate tumour cells
In order to analyse the impact of NPM1 on prostate tumour cell
proliferation, we chose a knockdown strategy and generated
LNCaP cell sublines stably expressing control (shScr) or NPM1
specific shRNA (shNPM1). As shown in figure 1a, NPM1 mRNA
level decreases by more than 50% and NPM1 protein expression
by more than 30% in shNPM1 cells, but this is not associated with
modifications in cell morphology. However, NPM1 knockdown
alters the ability of LNCaP cells to form colonies after seeding at
low confluency (figure 1b). This decrease of clonogenic capacities
coincides with a decrease in the cell proliferative potential
(figure 1c). Indeed, the down-regulation of NPM1 leads to a
30% decrease in BrdU incorporation and this is associated with a
60% decrease in the mRNA level of PCNA (Proliferating Cell
Nuclear Antigen), a key marker of cell proliferation (figure 1d).
Interestingly, NPM1 knockdown does not alter cell survival as
evaluated by PARP (Poly (ADP-ribose) polymerase) cleavage
analyses by western blotting (figure S1), thus indicating that this
decrease in the proliferation rate is not associated with an increase
of apoptosis. These results consequently show that NPM1 is
involved in the increase of proliferation and clonogenic capacities
of prostate tumour cells.
NPM1 impact on proliferation is associated with the
control of migration, invasion, three-dimensional growth
capacities of prostate cancer cells and tumour growth
The above results demonstrate that NPM1 exerts a control on
the clonogenic capacities of prostate cancer cells and suggests that,
besides its effect on the cell proliferative rate, it could also
contribute to both tumour growth and aggressiveness. To further
evaluate the role of NPM1, we examined the invasion and
migration capacities of shNPM1 LNCaP cells. The knockdown of
NPM1 significantly decreased the invasion of LNCaP cells through
matrigel-coated filters by 40% (figure 2a). We further assessed the
LNCaP cells migration ability by physically wounding cells plated
on the cell culture plates. As shown in Figure 2b, at 72 h after
being scrubbed, shNPM1 cells were unable to recolonize denuded
zone as faster as did the control cells. To test whether the decrease
of migration and invasion capacities is accompanied by a decrease
of the three-dimensional growth abilities of shNPM1 LNCaP cells,
in vitro tests in soft agar were performed (figure 2c). Decrease in
NPM1 in LNCaP cells almost abolishes their ability to form 3-D
colonies. These results from in vitro assays strongly suggest that
NPM1 regulates the migratory and invasive properties of prostate
cancer cells.
To further determine the role of NPM1 in prostate cancer, we
analysed tumourigenesis of the shNPM1 LNCaP and shScr
LNCaP prostate cancer cell lines in vivo following subcutaneous
injection in the flank of male nude mice. ShNPM1 cells produce
smaller tumours (figure 2d,e) and, contrary to shScr LNCaP cells,
are more likely to produce no tumour at all when grafted
(figure 2e). In detail, tumours initiated from LNCaP control cells
appear at 22 days post-injection whereas tumours originating from
LNCaP shNPM1 cells are noticeable only at 24 days post-
injection. Furthermore, growth curves never get paralleled even
after 29 days (figure 2d). Thus, tumours initiated from NPM1
knocked-down cells remained smaller than control tumours with
85% decrease of the average tumour volume (figure 2e). This
important decrease of tumour volume results in a 95% decrease of
tumour weight from LNCaP shNPM1 cells (figure 2g). This
decrease is unlikely due to a loss of expression of the anti-NPM1
shRNA since all shNPM1 tumours preserve a 90% decrease in
NPM1 accumulation (figure 2f). Taken together, these data clearly
demonstrate that NPM1 is involved in prostate tumour growth in
vitro and in vivo.
NPM1 is involved in the control of EGF expression
In order to better understand how NPM1 can promote prostate
cancer cell behaviour, we performed a qPCR Array analysis (RT2
ProfilerTM array, PAHS-121A-2, Qiagen) and determined the
nature of genes whose transcription levels are modulated by the
knockdown of NPM1 (data not shown). Among the 84 genes
spotted on the array, the Epidermal Growth Factor (EGF) mRNA
accumulation was the most significantly decreased in LNCaP
shNPM1 cells. This modulation of EGF expression does not result
from a global inhibitory effect on gene expression as most of the
genes are unaffected or up-regulated when NPM1 is decreased
(data not shown). This result was confirmed by RT-qPCR assays
as EGF mRNA accumulation is decreased by 40% in LNCaP
shNPM1 cells (figure 3a). Moreover, to test the relative activity of
the EGF promoter’s gene activity in LNCaP shSCR and shNPM1
cells, we transfected these cells with a phEGF-luciferase reporter
plasmid. Knockdown of NPM1 induces a decrease in EGF
promoter activity, showing that the effect of NPM1 is likely to be
exerted at the transcriptional level (figure 3b). These results suggest
that NPM1 controls directly or indirectly EGF expression. As EGF
NPM1 Regulates PCa Growth and the MAPK Pathway
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is known to specifically activate the EGF receptor (EGFR), we
investigated whether the activation of the EGFR complex as well
as the activation of its downstream effectors, ERK1/2 and AKT, is
modulated by NPM1 expression level. Based on the analysis of
their phosphorylation status, we show that the activation of EGFR
(pEGFR) and of ERK1/2 (pERK1/2) is dramatically decreased or
almost abolished when the expression of NPM1 is inhibited
(figure 3c). Interestingly, AKT phosphorylation is less sensitive to
such an inhibition, suggesting that NPM1 specifically impacts the
MAPK pathway (figure 3c). These effects of NPM1 on EGF
expression and ERK1/2 pathway strongly suggest that NPM1
could be involved in the setting of the EGF self-regulation loop.
NPM1 specifically potentiates the MAPK pathway activity
to promote proliferation and migration capacities of
prostate cancer cells
The above data demonstrate that NPM1 is involved in the
control of EGF expression, a growth factor that controls the
MAPK pathway and promotes tumorigenic behaviour of prostate
cancer cells. So, we wondered if it was the reason why shNPM1
LNCaP cells were showing decreased tumorigenic behaviour. We
thus investigated whether an exogenous intake of EGF could
rescue the activation of the EGF/EGFR pathway effectors and
subsequently increase LNCaP cells proliferation and migration.
Control (shScr) or NPM1 knocked down (shNPM1) LNCaP cells
Figure 1. Regulation of LNCaP cell clonogenic capacities and proliferation rate by NPM1. (a) NPM1 knockdown does not alter LNCaP cells
morphology. LNCaP cells were stably transfected with control shRNA (shScr) or specific NPM1 shRNA (shNPM1). NPM1 mRNA and protein levels were
analysed by RT-qPCR and western blotting respectively. Morphology of cells was observed by inverted microscopy and photographed. (b) NPM1
knockdown inhibits LNCaP cells clonogenicity. Cells were seeded at low confluence over one week, then fixed with methanol and stained with 5%
Giemsa blue before microscopic observation. Pictures are representative of three independent experiments with consistent results. The graph
represents the number of cell clones (.50 cells) in the shNPM1 condition, calculated as the mean6 SD of the number of clones counted per field, on
5 random fields, using the ImageJ free software and expressed relatively to the number of clones counted in the control condition. (c, d) NPM1
controls proliferation of prostate cancer cells. Five thousand cells were seeded per well in a 96-wells plate and cultured for 48 hours. (c) Cells were
then incubated with a BrdU labeling solution for 2.5 hours and BrdU incorporation was measured by densitometric analysis at 655 nm. (d)
Proliferation was also analysed by RT-qPCR assay by evaluating PCNA relative mRNA level accumulation normalized using b-actin mRNA level. All data
are representative of at least three independent triplicate experiments and BrdU incorporation as mean of triplicate experiments of 96 points each.
Data are expressed as the mean 6 SD.
doi:10.1371/journal.pone.0096293.g001
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were starved in order to switch off the signalling pathways and
then treated with EGF.
Western blot analyses show that an exogenous EGF supple-
mentation leads to the phosphorylation, i.e., the activation of both
Figure 2. NPM1 knockdown impacts migration, invasion and growth of prostate cancer cells. (a) NPM1 controls migration capacities of
LNCaP cells. Cells were seeded at confluence in order to create a wound 24 hrs later. Wound recolonization was observed after 72 hours of culture by
inverted microscopy and photographed. Histograms show wound area quantification using the ImageJ and pictures are representative of three
independent experiments with consistent results. (b) NPM1 knockdown inhibits the invasive potential of prostate cancer cells. shScr and shNPM1
LNCaP cells were seeded at confluency in RPMI 1640 serum free medium on matrigel coated microporous membrane. 48 hrs later, migrated cells
present on the opposite side of the membrane were fixed and stained with 5% Giemsa blue and observed at microscope (2006magnification). The
graph represents the number of cells in the shNPM1 condition, calculated as the mean 6 SD of the number of cells counted per field, on 5 random
fields, using the ImageJ free software and expressed relatively to the number of cells counted in the control condition. (c) NPM1 impacts three-
dimensional growth of prostate cancer cells. Control or NPM1 knocked down cells were seeded at low confluency on agarose/RPMI 1640 10% FBS for
2 weeks. Number and size of the emerging clones were then observed under inverted microscope (x100) and photographed. The graph represents
the number of cell clones (.50 cells) in the shNPM1 condition, calculated as the mean6 SD of the number of clones counted per field, on 5 random
fields, using the ImageJ free software and expressed relatively to the number of clones counted in the control condition. (d, e, f,g) NPM1 knock-
down abrogates tumourigenicity of LNCaP cells when injected in nude mice. shScr (n = 14) and shNPM1 (n = 14) LNCaP cells were subcutaneously
grafted on nude mice and tumour volume was measured every 2 days following engraftment (d). Graph in (e) is the quantitation of shScr and
shNPM1-derived tumours volume at day 24 post-injection. NPM1 relative expression level was evaluated by western blotting in tumours when mice
were sacrified (f) and tumour weight was measured (g). The data are representative of at least three independent experiments and are expressed as
the mean 6 SD.
doi:10.1371/journal.pone.0096293.g002
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the EGF receptor and one of its downstream target, AKT, in both
shScr and shNPM1 cells. On the contrary, and most interestingly,
phosphorylation of ERK1/2 is specifically impaired in shNPM1
cells (figure 4a). In agreement with this result, addition of
exogenous EGF is unable to restore migration and invasion
capacities of shNPM1 LNCaP cells in the corresponding assays
(figure 4b,c). These results clearly demonstrate that NPM1 is
specifically required for the activation of the MAPK signalling
pathway and that the potentiation of this transduction pathway is
involved in the control of proliferation and migration capacities of
prostate cancer cells.
NPM1 acts upstream of MEK1 and downstream of EGFR
to activate the MAPK pathway, for the control of an EGF
self-regulation loop in prostate cancer cells
As phosphorylation of ERK1/2 is specifically impaired in
shNPM1 cells even in the presence of EGF, it suggests that, in the
MAPK pathway, NPM1 acts upstream of ERK1/2. To identify
the effector(s) of the EGFR-induced signalling pathway on which
NPM1 may act, and to determine whether NPM1 action is direct
or not on the EGF gene promoter, we performed transfection
assays with a constitutively active form of MEKK1 (caMEKK1):
caMEKK1 phosphorylates ERK1/2 kinase MEK1/2, and there-
by, constitutively activates ERK1/2 in the absence of MEK1/2
inhibition. In shScr LNCAP cells, caMEKK1 transfection induces
the phosphorylation of ERK1/2. In shNPM1 LNCaP cells
caMEKK1 transfection induces a similar effect, thus rescuing
the EGFR signalling pathway (figure 5a). This result suggests that
NPM1 targets the MAPK pathway downstream of EGFR but
upstream of MEK1/2 in order to regulate ERK1/2. Moreover,
cotransfection of the caMEKK1 construct with a phEGF-
luciferase reporter plasmid also rescues the EGF promoter activity
(figure 5b) in LNCaP cells knocked-down for NPM1. These results
demonstrate that 1- it is unlikely that NPM1 directly transactivates
the EGF promoter in prostate cancer cells. 2- NPM1 may rather
stimulate the MAPK signalling pathway to enhance the transcrip-
tion of the EGF gene. 3- Phosphorylation data on AKT and
ERK1/2 strongly suggest that NPM1 acts at the level of MEKK1
or Ras/Raf in this pathway.
Discussion
NPM1 plays an essential role in cell growth and proliferation.
Amongst others, it favours cell cycle progression, ribosome
biogenesis and centrosome duplication [5–7]. Accordingly, a
correlation between increased NPM1 expression levels and
tumour progression has been established in a wide set of solid
Figure 3. NPM1 knockdown decreases EGF expression. (a) NPM1 controls EGF expression. Relative EGF mRNA levels compared to b-actin were
analyzed by RT-qPCR in LNCaP cells expressing control (shScr) or NPM1 specific shRNA (shNPM1). (b) NPM1 control EGF promoter activity. shScr and
shNPM1 LNCaP cells were transfected with the phEGF-luciferase reporter plasmid. EGF promoter activity was evaluated by measuring the luciferase
activity 24 hours later. Results of the assay were standardized using the CMV promoter as control and expressed as fold-induction over control cells
(shScr). (c) NPM1 controls activation of the EGF/EGFR pathway downstream effectors. Proteins, extracted from shScr and shNPM1 LNCaP cells cultured
in RPMI 1640 10%FBS, were electrophoresed by SDS-PAGE. Transferred membranes were immunoblotted with indicated antibodies. Histograms show
the band quantification reported to the b-actin level. Blots are representative of three independent experiments with consistent results. Data are
representative of at least three independent experiments and are expressed as the mean 6 SD.
doi:10.1371/journal.pone.0096293.g003
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tumours of diverse histological origins such as in gastric- [8,9],
colon [9], kidney [10] or ovary cancers [11]. Nevertheless several
studies revealed that, paradoxically, NPM1 is able to both act as a
tumour suppressor and as a proto-oncogene during tumourigen-
esis [12]. On one hand, NPM1 participates to the maintenance of
chromosome stability and regulates ARF activity [13] and, on the
other hand, NPM1 promotes the inhibition of several tumour
suppressors including P53 or Rb, and the activation of the proto-
oncogene c-Myc to enhance its transforming activity [14]. Our
previous findings showed that the molecular chaperone NPM1 is
over-expressed in prostate carcinoma tissue, compared to control
adjacent tissue where it stimulates the androgen-dependent
transcription [1]. We now wanted to more specifically investigate
whether this deregulation of NPM1 expression may act on prostate
tumour cells invasive and migration capacities. In this regard,
NPM1 was knocked-down in the LNCaP prostate cancer cell lines
whose tumour characteristics such as migration, proliferation and
invasion capacities are well established. We show that reducing
NPM1 expression in LNCaP cells alters the clonogenic and
proliferation capacities of these prostate cancer cells as well as their
ability to migrate and to invade matrix-containing supports.
Accordingly, such cells, when grafted in nude mice, lead to the
development of a lower number of also smaller tumours.
Conversely, accumulation of NPM1 in LNCaP cells stably
expressing an inducible transgene encoding NPM1, increases
both clonogenic and proliferation capacities of these cells (figure
S2). These results demonstrate that the expression level of NPM1
acts as a controller of the proliferative and of the migration
Figure 4. NPM1 knockdown in prostate cancer cells reduces proliferation and migration capacities by inhibiting the EGF/EGFR
pathway activity. (a) NPM1 down-regulation inhibits EGF induced ERK1/2 pathway activity. shScr and shNPM1 LNCaP cells were treated with
100 nM EGF and phosphorylation of the EGF/EGFR pathway effectors was analysed using Western Blotting. Histograms show the band quantification
reported to the b-actin level. The blot is representative of three independent experiments with consistent results. (b) Despite EGF treatment,
migration capacities of LNCaP decreased for NPM1 were not restored. Wound closure was analysed 72 hours after continuous treatment with 100 nM
EGF. Cells were observed under inverted microscope and photographed. Histograms show wound area quantification using ImageJ. (c) EGF
treatment does not rescue proliferation of NPM1 knockdown LNCaP cells. BrdU incorporation assay was performed in shScr and shNPM1 LNCaP
24 hours after 100 nM EGF treatment. Densitometry was measured at 655 nm. The data are representative of at least three independent experiments
and are expressed as the mean 6 SD.
doi:10.1371/journal.pone.0096293.g004
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capacities of prostate cancer cells. In accordance with these
findings, a recent study by Liu et al. [15] shows that the elevated
expression of NPM1 is positively correlated with the formation of
metastasis and with poor survival of patients with colon cancer. It
is furthermore associated with enhanced migration and invasion
properties of colon cancer cells. NPM1 overexpression seems thus
to potentiate tumorigenic characteristics of different cancer cell
types, and may be an important actor in the evolution of tumours
aggressiveness.
NPM1 was described to potentiate the action of the androgen
receptor (AR) in prostate cancer cells [1] following a direct
interaction with this transcription factor on chromatin. AR, and
more widely the androgens signalling, is one of the main pathways
that support prostatic tumours growth and metastatic dissemina-
tion. Nevertheless, NPM1 inhibition induces similar phenotypes in
LNCaP cells that express AR and in PC3 cells that do not express
this receptor. It is so unlikely that NPM1 controls prostate cell
proliferation and migration via such a mechanism (figure S3).
Besides strongly stimulated androgen signalling, overexpression
of the EGF growth factor is also observed in prostate tumours [16].
Further evidences point out that EGF signalling is important for
prostate cancer cell proliferation: (i) EGFR is over-expressed in
prostate cancer cells [18,19] (ii) overexpression of EGFR
stimulates cell growth in vitro and in vivo, [20], (iii) in the TRAMP
(TRansgenic Adenocarcinoma of the Mouse Prostate) mouse
model, the activation of the MAPK pathway involving the ERK1/
2 transducers downstream of the EGF/EGFR complex promotes
prostate epithelial cell proliferation and tumour progression [21],
(iv) ERK1/2 promotes the degradation of extracellular matrix
proteins thus favouring tumour invasion [22]. So, it is suggested
that these events lead to the establishment of an EGF-dependent
autocrine loop which could favour a switch towards a tumour cell-
autonomous mechanism and here allow growth factors indepen-
dent cell growth and proliferation [17]. Such self-regulation loop is
characteristic of advanced localized and of therapy resistant
prostate cancers. Our results show that LNCaP cells knocked-
down for NPM1 accumulate less EGF encoding mRNA than
control LNCaP cells. Furthermore, low levels of NPM1 in the cells
are associated with a decrease in the EGF promoter activity thus
suggesting that NPM1 acts as a positive regulator of EGF gene
expression. Although NPM1 is not a transcription factor, this
chaperone plays important functions in transcription processes as
an actor of chromatin remodelling. In this sense, NPM1 was
described as a partner of the acetyltransferase protein p300 or
GNC5 in the transcription complex that drives the transcription of
the TNFa gene [23]. So, one hypothesis would be that NPM1 can
participate to a remodelling complex that enhances transcription
at the promoter of the EGF gene.
The increased activity of the EGF/EGFR complex that is
associated with prostate tumour progression leads to the activation
of different downstream signalling pathways including MEKK/
ERK and PI3K/AKT (Phosphoinositide 3-OH Kinase). In NPM1
knocked-down LNCaP cells, we show a reduced activation of the
EGF receptor. These findings may well reflect a reduced
availability of EGF in these cells, especially as exogenous intake
of EGF partially rescues EGFR activation as attested by its
phosphorylation status. However, in the same context, activation
of ERK1/2 as well as the proliferation and migration capacities of
cells are not restored. Moreover, EGF similarly promotes AKT
phosphorylation in LNCaP cells independently of their NPM1
levels. This strongly suggests that NPM1 is not necessary for the
activation of the PI3K/AKT pathway downstream of the EGFR,
but on the contrary may be specifically required for the activation
of the MAPK pathway within these cells. Indeed, the transfection
of a constitutively active form of MEKK1 in shNPM1 LNCaP
cells rescues the phosphorylation status of ERK1/2 and above all,
EGF promoter activity. Thus, our data suggest that the major
Figure 5. NPM1 does not act directly on EGF expression but upstream of the MEKK effector to activate the MAPK pathway in
prostate cancer cells. (a) ERK1/2 activation is rescued by caMEKK1. shScr and shNPM1 LNCaP cells are transfected with a constitutively activated
construct of MEKK1 (caMEKK1) and ERK1/2 phosphorylation level was analysed using western blotting. (b) ERK1/2 pathway activation restores EGF
promoter activity in LNCaP cells downregulated for NPM1. LNCaP shSCR and shNPM1 cells were transiently co-transfected with phEGF-luc and
caMEKK1. EGF promoter activity was evaluated by measuring the luciferase activity 24 hours after. Results of the assay were standardized against
control reporter activity CMV-Luc and expressed as fold-induction over control cells (shScr). Data are representative of at least three independent
experiments and are expressed as the mean 6 SD.
doi:10.1371/journal.pone.0096293.g005
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impact of NPM1 seems to occur through the activation of the
MAPK pathway, downstream of EGFR, but upstream of MEK1.
Ras proteins are very important in the controlling of the MAPK
pathway and are activated following EGF stimulation of EGFR.
The spatial organization of these proteins into nanoclusters close
to the inner leaflet of the membrane is essential for such activation.
Through its ability to shuttle between the nucleus and the
cytoplasm, NPM1 exerts some extranuclear functions. Thereby,
NPM1 is able to bind and to stabilize K-Ras in an active form, and
may thus activate MAPK signalling as described in prostate cancer
[24–26]. This effect is enhanced after EGF binding on its receptor.
We hypothesize that the NPM1 dependent positive regulation of
cancer cell migration and invasion secondary to ERK1/2
activation may result from recruitment of K-Ras to the membrane
by NPM1.
To conclude, our data demonstrate that NPM1 is involved in
the control of prostate cancer cell proliferation and invasion
capacities both in vitro and in vivo. We also show that NPM1 acts as
a regulator of the MAPK/ERK pathway and the EGF gene
expression, which would explain the change of prostate tumour
cell behaviour when NPM1 expression is altered. A contrario, when
prostate tumour cells display an increased NPM1 expression, one
might then expect that it strongly potentiates tumour growth and
aggressiveness.
Supporting Information
Figure S1 NPM1 knockdown does not induce LNCaP
cells apoptosis. Total proteins from shScr and shNPM1
LNCaP cells cultured in RPMI 1640 10% FBS were analysed
by western blotting for PARP (Poly ADP Ribosyl Polymerase)
cleavage using a specific anti-PARP antibody (Clone C2-10, 4338-
MC-50, Trevigen). As a positive control, shScr LNCaP cells were
treated for 24 h with 50 mM cisplatin.
(TIF)
Figure S2 NPM1 over-expression impacts LNCaP cells
three-dimensional growth. The inducible Flag-NPM1 ex-
pressing LNCaP cells were seeded at low confluency on agarose/
RPMI 1640 10% FBS for 2 weeks and treated with Doxycycline
(1 mg/ml) or vehicle. Number and size of the emerging clones were
observed under inverted microscope and photographed. The
graph represents the number of cell clones (.50 cells) in the
NPM1 overexpression condition, calculated as the mean 6 SD of
the number of clones counted per field, on 5 random fields, using
the ImageJ free software and expressed relatively to the number of
clones counted in the control condition, i.e. untreated cells. The
western blot is representative of three independent experiments
and shows the relative accumulation level of the Flag-NPM1
protein using an anti-Flag antibody (F7425, Sigma).
(TIF)
Figure S3 NPM1 knockdown alters migration and
invasion capacities of the PC3 prostate cancer cells. (a)
PC-3 cells were transiently transfected using control siRNA
(siGFP) or specific NPM1 siRNA (siNPM1). mRNA and protein
levels of NPM1 were analysed respectively by RT-qPCR and
Western Blotting. (b) NPM1 controls migration capacities of PC-3
cells. PC-3 siGFP and siNPM1 cells were plated at confluence in
order to create a wound 24 hrs following seeding. Cells were
photographed 72 hrs later by inverted microscopy (1006
magnification). Histograms show wound areas following quantifi-
cation with Image J software. (c) NPM1 downregulation has an
impact on the invasive potential of PC-3 cells. siGFP and siNPM1
transfected PC-3 cells were seeded at confluence in RPMI 1640
with 10%FBS on matrigel in inserts. 48 hours later, cells that
invaded the lower of the membrane were fixed and stained with
5% Giemsa and observed at microscope (2006 magnification).
The data shown are representative of at least three independent
triplicates.
(TIF)
Methods S1 Materials and Methods. Cell culture and
transient transfection.
(DOCX)
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Abstract 32 
Nucleophosmin (NPM1/B23) is a multifunctional nuclear phosphoprotein that plays 33 
important roles in the control of cellular growth and homeostasis. Cumulative evidence has 34 
indicated that one aspect of cell growth control on which NPM1 might be involved is 35 
transcriptional regulation. Its role in this regard depends on interaction with different 36 
transcription factors and we have previously showed that NPM1 interacts with the androgen 37 
receptor (AR) to regulate its transcriptional activity in prostate cancer cells. Here, we have 38 
further explored the physiological functions of NPM1 on epithelial cell proliferation and 39 
differentiation as well as on the AR-mediated gene expression in the male genital tract 40 
epithelia. We show that Npm1 is co-expressed with the AR in multiple male reproductive 41 
tissues of mice. Using a mouse vas deferens epithelial cell line (VDEC), we observed that 42 
Npm1 is strongly expressed during proliferation but was found decreased upon differentiation 43 
although it is largely accumulated within the nuclei where it binds with AR as confirmed by 44 
co-immunoprecipitation and Western blot analysis. Decreased proliferation in VDEC depleted 45 
for Npm1 is found in conjunction with an increase in global histone methylation that did not 46 
affect differentiation of the vas deferens epithelial cells although it reduced the expression of 47 
the AR target gene Akr1b7. Indeed, we show that Npm1 is recruited to the androgen-48 
responsive Akr1b7 gene promoter in a similar manner to AR and that inhibition of Npm1 by 49 
the small molecular inhibitor NSC348884 attenuated androgen-stimulated gene expression as 50 
well as the DHT-induced luciferase activity driven by the Akr1b7 androgen targeted 51 
promoter. This study highlights a versatile function of Npm1 that unlikely modulates the 52 
proliferation/differentiation swich but functionally regulate the response to stimulation with 53 
androgens in differentiated epithelial cells of the vas deferens.  54 
 4 
Introduction 55 
Nucleophosmin (NPM1 also known as B23, NO38 or numatrin) is a multifunctional nuclear 56 
phosphoprotein that shuttles between the nucleolus and the cytoplasm [1]. Firstly reported to 57 
play a role in ribosome assembly [2] it has also been shown to bind to histones, to mediate 58 
nucleosome formation and to relax chromatin [3]. In vivo, NPM1 interacts with many growth 59 
regulators including the tumor suppressor p53, Rb, ARF, and the HDM2 (Mdm2 in mouse) 60 
oncogene [4,5,6]. Not surprisingly, this translated into pleiotropic effects including regulation 61 
of nuclear export, DNA transcription, DNA repair as well as cell proliferation and survival 62 
(reviewed in [7]). NPM1 is tightly regulated during proliferation and its deregulation or 63 
overexpression is postulated to enhance proliferation and oncogene-mediated transformation 64 
[8]. Therefore, much of the interest in NPM1 derives from its involvement in cancer and little 65 
is known about physiological functions of NPM1 as germ-line deletion in mouse leads to 66 
several developmental defects and embryonic lethality at mid-gestation [9]. 67 
Very recently, we and others have shown that NPM1 enhances the activity of the MAP-68 
kinase signaling pathway in order to increase cellular proliferation as well as both migration 69 
and invasion capacities of human prostate cancer cells [10,11]. This is an important issue 70 
since sustained ERK phosphorylation following stimulation of the MAPK cascade is known 71 
to promote cell cycle progression and interferes with the setting of the differentiation process 72 
in the epithelium of the male genital tract as we previously reported [12]. Besides this 73 
important function in enhancing ERK1/2 activity, recent data also agree for a more active role 74 
of NPM1 in transcriptional regulation of genes involve in cell proliferation and 75 
differentiation. In agreement with this statement, studies have shown that NPM1 binds to 76 
several transcription factors including YY1, NFkB and AP2α [13,14,15]. Also, it has been 77 
described as a former androgen receptor (AR) interacting protein that controls androgen target 78 
gene expression [16]. In the prostate gland as well as in the Wolffian-derived sex accessory 79 
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organs namely vas deferens, epididymis and seminal vesicles, androgens play critical roles in 80 
the regulation of cell growth, differentiation and survival. In fact, the major physiological 81 
androgen testosterone (T) and its more active metabolite 5α-dihydrotestosterone (DHT) are 82 
especially known to be essential for the functional maturation of epithelial cells in the male 83 
genital tract at puberty as well as for their maintenance during adulthood [17,18,19]. NPM1 is 84 
present at a high level in the prostate gland [16] and previous work performed by Tawfic et al. 85 
suggest that androgenic regulation of the amount and phosphorylation of prostatic NPM1 86 
might be related to the early changes associated with androgen mediated growth of the gland 87 
[20]. The shuttling of NPM1 in and out if the nucleus has been proposed as an early event too 88 
involves in modulating response to growth and apoptotic stimuli in rat prostate epithelial cells 89 
[21]. It is thus assumed that NPM1 may constitute a signal required for cell growth and 90 
survival in androgen target organs; however, the physiological relevance of these described 91 
NPM1 functions have not been explored on epithelial cell proliferation and differentiation as 92 
well as on the AR-mediated gene expression in the male genital tract epithelium. 93 
In the present study, we show that Npm1 is co-expressed with AR in multiple male 94 
reproductive organs of mice such as the epididymis, the vas deferens and the prostate. By 95 
using a mouse androgen sensitive vas deferens epithelial cell line, we report that silencing of 96 
Npm1 by short hairpin RNA (shRNA)-mediated knockdown reduced the proliferation rate in 97 
conjunction with a global increased in repressive histone methylation marks that did not 98 
impair cell differentiation capacities. Nevertheless, our analysis demonstrate that Npm1 99 
associates with AR in differentiated androgen sensitive vas deferens epithelial cells and 100 
indicate that this multifunctional phosphoprotein mediates gene expression induced by the AR 101 
signalling in non-pathological conditions as well. Therefore, we propose that Npm1 acts as an 102 
AR co-regulatory protein that coordinates a subset of AR functions essential for supporting 103 
 6 
epithelial cell differentiation in response to stimulation with androgens in male reproductive 104 
tissues. 105 
  106 
 7 
Materials and Methods 107 
Cell culture conditions and transfections 108 
Mouse vas deferens epithelial cells (VDEC) were grown as previously described [22]. 109 
Briefly, cells maintained in proliferation were seeded on serum fibronectin-coated plastic in 110 
basal medium supplemented with 1ng/ml EGF. Differentiation of VDEC was allowed for 3 111 
days after seeding onto matrigel-coated microporous membranes in 6-well plates at confluent 112 
density (1.5 x 106 cells/well) in basal medium supplemented or not with dihydrotestosterone 113 
(DHT). Medium was changed every two days and experiments were repeated three times. 114 
VDEC silenced cells were generated according to manufacturer’s instructions after infection 115 
with lentiviral particles containing either three target-specific constructs (B23 shRNA, sc-116 
29772-V2) or unrelated scramble sequences (control shRNA, sc-108080) form Santa Cruz 117 
Biotechnologies (Heidelberg, Germany). Selection of transduced cells was carried out in the 118 
presence of 2μg/ml puromycin (Sigma-Aldrich®) in order to select stably transduced cells 119 
and to perform monoclonal selection. 120 
HeLa cells were maintained in Dulbecco's Modified Eagle's Medium (DMEM) 121 
supplemented with 10% (vol/vol) heat-inactivated fetal calf serum and cultured at 37°C in 122 
water-saturated 5% CO2 atmosphere. 3 x 105 cells per well were plated in 6 well-plates and 123 
the next day, transient transfections were performed using the PEI Exgen 500 procedure 124 
(Euromedex, Mundolsheim, France). Npm1 activity was inhibited, without altering cell 125 
viability, using 3,0µM (for VDEC cells) or 2,5µM (for HeLa cells) of NSC348884 (Sigma-126 
Aldrich, Saint-Quentin Fallavier, France). For depletion of Npm1, we used a combination of 127 
two siRNA duplexes (final concentration 100pmol): 5’-CCACAGAAAAAAGUAAAACTT-128 
3’ and 5’-UGAUGAAAAUGAGCACCAGTT-3’ as described earlier [16]. GFP siRNA 129 
duplex (5’-ACUACCAGCAGAACACCCCTT-3’) was used as a control for the siRNA 130 
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reactions. After 12 h, the medium was replaced with medium supplemented with 5% 131 
charcoal-stripped serum for 48 h and then, cells were incubated with androgens or ethanol 132 
vehicle for 24 h. Cells were then lysed and the luciferase activity was measured with the assay 133 
system from Yelen. 134 
 135 
Immunohistochemistry and immunofluorescence 136 
Use of animals in this research was strictly compliant with the guidelines set by the French 137 
charter on the Ethics of Animal Experimentation and protocols were approved by the local 138 
committee on the Ethics of Animal Experiments (Permit Number: CE09-08). Mouse tissues 139 
(20-weeks old) were fixed in 4% paraformaldehyde-PBS for 24 h at 4°C, washed in 70% 140 
ethanol, embedded in paraffin and treated for AR and Npm1 expression determination. 141 
Sections were deparaffined with Histoclear, rehydrated with graded alcohol and distilled 142 
water, and washed in PBS. Slides were boiled 25 min in citrate buffer (10mM, pH 6), washed 143 
twice in water and twice in 1X PBS. For AR and Npm1 immunostaining, endogenous 144 
peroxidase activity was quenched with 0.3% of hydrogen peroxide for 30 min. Slides were 145 
washed in 1X PBS, incubated 1 hour at RT in blocking buffer (1,5 % goat serum-1X PBS) 146 
and incubated overnight at 4°C with either the anti-AR PG21 antibody (Millipore; dilution: 147 
1/200 for vas deferens, 1/400 for ventral prostate and epididymis), or the anti-NPM1 antibody 148 
(Zymed Laboratories; dilution: 1/1000) diluted in 1,5 % goat serum-1X PBS. After washing 149 
with 1X PBS, slides were incubated with anti-rabbit biotinylated or anti-mouse biotinylated 150 
secondary antibody respectively (Jackson immunoresearch). Slides were washed in 1X PBS, 151 
incubated 10 minutes in Streptavidin-HRP (Jackson immunoresearch; dilution: 1/500), and 152 
washed again in 1X PBS. Revelation was realized using the Novared kit. Slides were 153 
dehydrated, mounted using the cytoseal 60 mounting medium (Euromedex, Mundolsheim, 154 
France), and image acquisitions were performed with Zeiss Axiovision. For AR and Npm1 155 
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immunofluorescent co-staining, slides were incubated overnight at 4°C in a mix containing 156 
anti-AR antibody (PG21; dilution: 1/50 for vas deferens, 1/100 for ventral prostate and 157 
epididymis) and anti-NPM1 antibody (Zymed Laboratories; dilution: 1/100) in 1,5 % goat 158 
serum-1X PBS. After washing with 1X PBS, slides were incubated 1 hour with a mix 159 
containing Alexa Fluor 488 anti-rabbit and Alexa Fluor 555 anti-mouse secondary antibodies 160 
(Invitrogen; dilution: 1/1000 in 1% SVF-1X PBS). After washing with 1X PBS, slides were 161 
mounted with 50% glycerol-1X PBS and examined with a Zeiss Axioplan 2 microscope 162 
equiped with epi-illumination. 163 
 164 
RNA extractions, Northern blot analysis and Reverse-165 
Transcription quantitative PCR 166 
Total RNA was isolated from VDEC using the RNAzol method according to the 167 
manufacturer’s instructions (Quantum, Montreuil-sous-bois, France). Total RNA (30μg) was 168 
separated on 1% denaturing formaldehyde-agarose gel, transferred onto nylon membrane in 169 
10X SSC and then immobilized under UV light. After prehybridization, the membrane was 170 
hybridized at 42°C in a solution containing 50% formamide, 10% dextran sulfate, 5X SSC, 171 
1mM EDTA, 10µg/ml of denatured salmon sperm DNA, and 32P-labelled human NPM1 172 
probe. After washing at 65°C for 20 min in 0,2X SSC and 0.1% SDS as a final stringency, the 173 
membrane was exposed on Kodak x-ray film at -80°C. The membrane was then stripped and 174 
reprobed for Gapdh. For cDNA synthesis, five hundred nanograms mRNA were reverse 175 
transcribed for 1 h at 42°C with 5pmoles of random hexamer primers, 200 units reverse 176 
transcriptase (MuMLV RT, Promega), 2mM dNTPs and 20 units RNAsin (Promega) as 177 
described [23]. A half microliter of one-tenth dilution of the cDNA was used in each 178 
quantitative PCR reaction. These were conducted with the mouse Npm1 (Mm02391781_g1), 179 
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AR (Mm00442688_m1) and Akr1b7 (Mm00477605_m1) TaqMan® probes from Life 180 
Technologies. Each reaction was performed in triplicate in a final volume of 15µl with 0.75µl 181 
of the appropriate 20X probe mix and 7.5µl of PCR Mastermix (Precision-iC., 182 
PrimerDesign.co.uk).  Relative mRNA accumulation was determined by the ΔΔCt method and 183 
Gapdh (Mm99999915_g1) was used for quantative normalization of cDNA in each cell-184 
derived sample. Statistical analysis was performed with Student's t-test. 185 
 186 
Preparation of cytosol, nuclear and polysome extracts 187 
Mouse Vas deferens epithelial cells were harvested, washed in cold ice 1X PBS buffer and 188 
homogenized in buffer A [50mM NaCl, 10mM Hepes (pH 8.0), 0.5M sucrose, 1mM EDTA, 189 
0.5mM spermidine, 0.15mM spermine, 0.2% Triton X-100, 1mM PMSF, 1μg/ml apoprotinin, 190 
1μg/ml leupeptin and 7mM mercaptoethanol]. The homogenate was incubated on ice for 15 191 
min, passed through a 26-gauge needle with a seringue and then, centrifuged at 10,000 x g for 192 
15 min at 4°C. The 10,000 x g pellet was washed in buffer B [50mM NaCl, 10mM HEPES 193 
(pH 8.0), 25% glycerol, 0.1mM EDTA, 0.5mM spermidine, 0.15mM spermine, 1mM PMSF, 194 
1μg/ml apoprotinin, 1μg/ml leupeptin and 7mM mercaptoethanol], resuspended in buffer C 195 
[0.42M NaCl, 10mM HEPES (pH 8.0), 25% glycerol, 0.1mM EDTA, 0.5mM spermidine, 196 
0.15mM spermine, 1mM PMSF, 1μg/ml apoprotinin, 1μg/ml leupeptin and 7mM 197 
mercaptoethanol], sonicated on ice, and then centrifuged at 12,000 x g for 15 min at 4°C and 198 
the supernatants (nuclear extracts) were frozen at -80°C. The 10,000 x g supernatants were 199 
centrifuged at 100,000 x g for 2 h at 4°C, and the supernatants (cytosol extracts) were frozen 200 
at -80°C. The 100,000 x g pellets were resuspended in buffer C, incubated on ice for 1 h, and 201 
centrifuged at 10,000 x g for 15 min at 4°C, and then the resultant supernatant (polysomal 202 
extracts) was frozen at -80°C. Protein concentrations were determined by the Bio-Rad protein 203 
assay (Bio-Rad, Marnes la Coquette, France). 204 
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 205 
Western blotting and co-immunoprecicipation 206 
Mouse tissues were harvested from 20-weeks old animals and immediately homogenized 207 
in ice cold NaCl buffer [0.42M NaCl, 20mM Hepes (pH 8.0), 1.5mM MgCl2, 0.2mM EDTA, 208 
25% glycerol, 0.1% NP40, 1mM PMSF, 1μg/ml apoprotinin, 1μg/ml leupeptin]. To make the 209 
whole-cell lysates, cells were washed with 1X PBS and resuspended in ice cold NaCl buffer. 210 
After brief sonication on ice and clarification for 30 min at 15,000 x g, 40µg of proteins were 211 
resolved through SDS-polyacrylamide gels and transferred to nitrocellulose membranes. 212 
Membranes were blocked with milk buffer [5% milk in Tris-buffered saline (TBS)-Tween 20] 213 
for 1 h and incubated with the indicated primary antibody in milk buffer overnight at 4°C. 214 
The membranes were washed three times with TBS-Tween 20 and then incubated 90 min 215 
with horseradish peroxidase-conjugated donkey anti-rabbit immunoglobulin G secondary 216 
antibody (P.A.R.I.S biotech, Compiègne, France), followed by enhanced chemiluminescence 217 
(Santa Cruz Biotechnology) according to manufacturer's instruction. For 218 
immunoprecipitation, cells were harvested, washed in cold ice PBS buffer and isolated nuclei 219 
were lysed in IP buffer [0.15M NaCl, 0,1% Triton X-100, 5mM Tris-HCl (pH 8,0), 1mM 220 
EDTA]. Nuclear extracts were first precleared with protein A-Sepharose beads for 1 h and 221 
then incubated with rabbit normal IgG or specific anti-AR (PG-21) and anti-NPM1 (C-19, 222 
Santa Cruz Biotechnologies) antibodies conjugated with preequilibrated protein A-Sepharose 223 
beads rotating 3 h at 4°C. The beads were collected by centrifugation and washed three times 224 
with IP buffer. Proteins were eluted by boiling in sodium dodecyl sulfate-sample buffer, 225 
resolved on polyacrylamide gels, and transferred to nitrocellulose membranes for 226 
immunoblotting. 227 
 228 
Cell proliferation assays 229 
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Cell proliferation was determined using the colorimetric XTT assay proliferation kit 230 
according to the manufacturer’s instructions (Roche Applied Science). Briefly, 2000 cells by 231 
well were seeded in 96-wells plate and cultured for 48 hours in 200 µl of minimal medium 232 
(without insulin and EGF). The medium was then replaced by 100µl of minimal medium 233 
complemented with EGF (1 ng/ml) and insulin (5µg/ml) and the cells were cultured for 48 234 
additional hours. Fifty µl of XTT reagent (XTT labelling plus electron-coupling) was added to 235 
each well and the plate was incubated for 3 hours at 37°C. The coloured complex was then 236 
measured using a microplate reader at 450 nm with a 650 nm reference wavelength. For the 237 
cell-based BrdU (Bromode oxyuridine) proliferation assay, the cells were cultured in the same 238 
conditions with the exception that the BrdU labelling solution was added at a final 239 
concentration of 10 mM for 2.5 hours and the absorbance was measured at 655 nm following 240 
fixation after an additional incubation of 1 hour with the anti BrdU-POD solution according to 241 
the Cell Proliferation ELISA BrdU colorimetric kit from Roche Applied Science. 242 
 243 
Chromatin immunoprecipitation 244 
VDEC cells allowed to differentiate for 96 hours were treated or not for 2 days with 1x10-7 245 
M DHT, cross-linked with 1% formaldehyde at RT for 10 min and rinced twice in ice-cold 246 
PBS. The pellets were resuspended in lysis buffer [1% SDS, 10mM EDTA, 50mM Tris-HCl 247 
pH 8.0 and protease inhibitors] and sonicated to an average DNA fragment size of 200 to 248 
1000 bp. Supernatants were collected and diluted in dilution buffer [1% Triton X-100, 2mM 249 
EDTA, 150mM NaCl and 20mM Tris-HCl pH 8.0] followed by immunoclearing with sheared 250 
salmon sperm DNA, bovine serum albumin and protein A-Sepharose for 2h at 4°C. 251 
Immunoprecipitation was performed for overnight at 4°C with specific rabbit anti-AR (PG-252 
21), rabbit anti-NPM1 (C-19), mock rabbit IgG (Diagenode) and protein A-Sepharose. After 253 
reversing cross-links, DNA fragments were purified over PCR purification columns (Qiagen, 254 
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Courtaboeuf, France), eluted in 30 µl water, and amplified by PCR with primer sequences for 255 
the proximal androgen response element of the Akr1b7 as described [24]. 256 
 257 
Statistical analyses 258 
All experiments were repeated at least three times and results were expressed as mean ± 259 
SD. Statistical differences between groups were determined by Student’s t test and the 260 
criterion for statistical significance was P<0,05. For western blotting results, the band 261 
intensities were measured by using the ImageJ and normalized with actin. 262 
  263 
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Figure 1. NPM1 is expressed in male murine tissues. (A) Tissue extracts were prepared from
testis, epididymis, vas deferens, prostate, seminal vesicles, kidney, muscle, brain and adipose
tissue of 20 weeks-old wild-type males. Aliquots of each extracts (80µg/lane) were examined
by western blot analysis for NPM1 and AR. Ponceau red solution was used to control protein
loading. (B) Npm1 and AR transcripts were assayed by RT-qPCR and normalized to Gapdh. (C)
Npm1 (a, d, g) and AR (b, e, h) were detected by immunofluorescence in epididymis, vas
deferens, and ventral prostate of 16 weeks-old mice. Note that AR (green) and NPM1 (red)
immunostaining overlay in the nuclei of the epithelial cell compartment (see arrows on merge
images c, f, i). Magnifications, x63.
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Results 264 
Mouse reproductive tissues co-express Npm1 and AR proteins 265 
To gain some insight into the relative abundance of Npm1 in mouse reproductive organs, 266 
total protein extracts were prepared from male androgen target tissues taken from 20-weeks 267 
old wild-type mice and assayed by western immunoblotting (Fig. 1A). Npm1 was detected in 268 
all male reproductive tissues examined as well as in the brain and the adipose tissue, although 269 
its relative level in seminal vesicles appears to be much less than in the other organs. 270 
Interestingly, Npm1 is highly expressed with AR in prostate and testis and moderately in 271 
other male mice reproductive organs such as epididymis and vas deferens suggesting a 272 
potential relationship between Npm1 and AR. In accordance, the transcript levels of both 273 
genes measured by RT-qPCR show that Npm1 and AR mRNAs are highly expressed in the 274 
genital tract tissues of adult male mice (Fig. 1B). We also examined the subcellular 275 
localization of Npm1 in relation to AR using both anti-NPM1 and anti-AR antibody 276 
immunostaining and fluorescent microscopy (Fig. 1C). Histological analysis performed with 277 
epididymis, vas deferens, and ventral prostate indicated that Npm1 was predominantly 278 
expressed in the nuclei of the luminal epithelial layers with a pronounced nucleoli 279 
accumulation (panels a, d and g; see enlarged images in the insets). AR is most exclusively 280 
found in the nuclei of epithelial cells with a strong additional staining in the stromal elements 281 
of the vas deferens (Fig. 1C; panels b, e, h). In line with NPM’s activity toward AR, a 282 
subpopulation of Npm1 molecules was found to co-localize with AR primarily in the nucleus 283 
of the epithelial cell layers as indicated by the overlay of the double immunolabeling of both 284 
Npm1 and AR (Fig. 1C, panels c, f, i; merge image). These data indicate that Npm1 is highly 285 
expressed in the male reproductive tissues and suggest that AR and Npm1 might interact in 286 
AR-positive, AR-dependent epithelial cells, an issue that will be addressed further below. 287 
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Figure 2. NPM1 expression and localization are changed after differentiation of androgen
sensitive epithelial cells. (A) Expression levels of NPM1 were assayed in proliferating and
differentiated VDEC. Cells were maintained in proliferation (Prol.) or allowed to differentiated (Diff.)
as described in Materials and Methods. The cells were then treated with 100nM DHT for 48 h or left
untreated, after which whole cell extracts were prepared. Proteins (40µg) were seperated by SDS-PAGE
and western blot analysis was performed using an anti-NPM1 antibody. Samples were immunostained
for β-actin as an internal reference (upper panels). Northern blot analysis of total RNAs from
proliferating and differentiated VDEC. Blots were hybridized with 32P-labeled mouse full-length NPM1
cDNA probe. The expression of Gapdh was used as an internal control (lower panels). (B) Changes in
the subcellular distribution of NPM1 in VDEC following terminal differentiation. Equal amount of
proteins (40µg) from cytosol (c), polyribosomal (p) and nuclear (n) extracts were prepared from cells
treated with DHT (100nM) for 48 h. (C) Cellular interaction of NPM1 and AR. Equal amounts of
nuclear cell extracts were immunoprecipitated (IP) with anti-NPM1 (left) and anti-AR (right)
antibodies and rabbit IgG was used as a control. The precipitated fractions were then resolved by SDS-
PAGE and analysed by western blot using anti-NPM1 or anti-AR antibodies as indicated.
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 288 
Dynamic regulation of Npm1 is linked to androgen responsiveness in 289 
epithelial cells undergoing differentiation 290 
As epididymis, vas deferens and ventral prostate express relatively high levels of Npm1 291 
and are known to be androgen responsive tissues, we used a mouse vas deferens epithelial cell 292 
line (VDEC) to determine whether Npm1 levels might be affected by androgens. Of great 293 
interest, this cell line can be maintained in proliferation or allow to differentiate and can 294 
express androgen responsive gene such as Akr1b7 as described earlier [22,25]. Since NPM1 is 295 
known to be more abundant in growing cells than in resting cells [26], we were also able to 296 
study Npm1 expression throughout the differentiation process. Total cellular lysates from 297 
control untreated or DHT-stimulated proliferating and fully differentiated VDEC cells were 298 
analyzed by Western blot immunoassay (Fig. 2). The results show that there was a marked 299 
decrease in the level of total cellular Npm1 protein during epithelial cell differentiation (Fig. 300 
2A, upper panels). However, NPM1 protein levels did not change after 48 h of 100nM DHT 301 
treatment, indicating thus that NPM1 is unlikely androgen responsive in this cell line 302 
(compare lane 2 vs 1 and lane 4 vs 3). In addition, there was also a decrease in the steady-state 303 
level of Npm1 mRNA to less than 30% following cell differentiation (Fig. 2A, lower panels; 304 
compare lane 1,2 vs 3,4) suggesting that Npm1 gene expression could be transcriptionally 305 
and/or post-transcriptionally down-regulated following differentiation as already reported 306 
[27]. 307 
NPM1 is a nucleolar phosphoprotein, which is capable of shuttling in and out of the 308 
nucleolus or between the nucleus and the cytoplasm during the cell cycle [1,28]. It exists as 309 
monomeric and oligomeric forms in cells and it has been suggested that the reversible change 310 
of oligomerization between hexameric and monomeric forms of NPM1 may be a way of 311 
modulating NPM’s diverse functions [29,30]. To determine how cell proliferation and 312 

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differentiation influence the subcellular distribution of Npm1, we prepared cytosolic, nuclear 313 
and polyribosomal extracts from VDEC (Fig. 2B). In growing epithelial cells, the Npm1 314 
concentration was greatest in the polyribosomal compartment whereas cytosol and nuclei had 315 
approximately 1/10th and 1/5th the relative level of immunoreactivity detected in the 316 
polyribosomes. Npm1 levels in both cytosol and polyribosomes declined after cell 317 
differentiation and had fallen by 90 % and 80 % respectively. In contrast, the level of Npm1 318 
in the nuclei was not affected and remained high with AR in differentiated epithelial cells. Of 319 
interest, androgens did not change the relative levels of Npm1 in these compartments (not 320 
shown) although the androgen induced protein Akr1b7 strongly accumulated in the cytoplasm 321 
in response to DHT as expected [31]. To verify whether Npm1 associates with AR in these 322 
cells, nuclear extracts prepared from differentiated DHT-treated VDEC cells were 323 
immunoprecipitated with mock rabbit IgG, anti-AR, or anti-NPM1 polyclonal antibodies. 324 
Figure 2C shows that the Npm1 protein was detected only when the anti-AR antibody was 325 
used and as anticipated, an anti-NPM1 antibody also co-immunoprecipitates AR. This latter 326 
finding taken together with previous published data suggest that changes in the abundance of 327 
Npm1 might be related to the transition from a proliferative state to a differentiated state, 328 
thereby affecting the shuttling of Npm1 between subcellular compartments as well as its 329 
ability to regulate the transcriptional activity of AR. 330 
 331 
Impaired proliferation after Npm1 depletion did not accelerate 332 
transition to differentiation 333 
The reduction of Npm1 assessed during cell differentiation did not allow us to determine 334 
whether its down-regulation is necessary for differentiation or is the consequence of the 335 
differentiation process. To distinguish between these two possibilities, we adopted a silencing 336 
approach using lentiviral vectors containing a specific short hairpin RNA to deplete Npm1 in 337 
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Figure 3. Impaired proliferation in cultured VDEC inhibited for NPM1 did not promote the
transition to differentiation. (A) NPM1 suppression reduces cell proliferation. NPM1 abundance
was assayed by western blot in puromycin selected cultures transduced with lentiviral vector
containing either a non-specific scramble or a specific NPM1 shRNA sequence (left). Cells were
then plated on 96-well plates for 24h and incubated with XTT or BrdU reagent according to the
Material and Methods (middle). (right) Light microscopy visualization of the same population of
cells as left and middle panels. (B) Cells with a reduced NPM1 expression (shNPM1 transduced)
and/or inhibited for NPM1 (NSC treated) accumulated in the G0/G1-phase of the cell cycle and
revealed an enhanced expression of p27kip1. (C) Immunoblot analysis of methylation of the
indicated H3 lysine residues in lysates of cells silenced (left) or inhibited (right) for Npm1. (D and
E) NPM1-silenced and NSC-treated VDEC cultures, respectively, were induced to differentiate and
expression of regulatory cell cycle protein were evaluated at the indicated time point. The
experiments are representative of three independent experiments.
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cells maintained into proliferation or allowed to differentiate. As shown in Fig. 3A (left), 338 
silencing efficiency, measured by protein level, was 40% compared to control cultures 339 
transduced with lentiviral vector containing a scramble shRNA sequence. Consistent with 340 
previous reports, the depletion of Npm1 reduces cell proliferation as measured by cell-based 341 
assays using either the incorporation of bromodeoxyuridine or the colorimetric reduction of 342 
the XTT tetrazolium dye (Fig. 3A, middle). Of interest, shRNA-mediated depletion of Npm1 343 
is not associated to an increase in cell death since no morphological hallmarks of apoptosis 344 
were observable between silenced or non-silenced cells (Fig. 3A, right and not shown). Npm1 345 
knock-down recapitulated some changes we have already reported for cell cycle regulatory 346 
proteins upon differentiation of the vas deferens epithelial cell line with the decrease of hyper-347 
phosphorylated forms of the retinoblastoma protein (ppRb) and of cyclin E in conjunction 348 
with the up-regulation of the cyclin-dependent kinase inhibitor p27kip1 (Fig 3B and [12]). 349 
Interestingly, these changes were heightened in cells treated with nontoxic doses of the 350 
pharmacological inhibitor of Npm1 (i.e., NSC348884, as described by [32]) suggesting that 351 
hexameric oligomerization of Npm1 may be required for controlling proliferation in these 352 
cells. 353 
The concomitant increase in the methylation levels of histone H3 lysine residues 4 354 
(H3K4me3), 9 (H3K9me3) and 27(H3K27me3) in cells silenced or inhibited for Npm1 raise 355 
questions relative to the functional role of these post-translational modifications (Fig 3C). 356 
One possibility is that suppression of Npm1 is a prerequisite to the transition to differentiation 357 
through generalized transcriptional changes mediated by repressive and activating histone 358 
modifications. To begin unraveling this question, we investigated the differentiation kinetic of 359 
silenced or non-silenced cultures by assessing by western blot the abundance of pRb, cyclin E 360 
and p27kip1 throughout the differentiation process. As shown in Figure 3D, all the cell cycle 361 
regulatory proteins tested were similarly modulated during the time course of differentiation 362 
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Figure 4. NPM1 regulates expression of AR-stimulated target genes in differentiated VDEC. VDEC
silenced or non-silenced for NPM1 were allowed to differentiate in the presence and the absence of
androgens (100nM). After 4 days, Akr1b7 transcripts were assayed by RT-qPCR (A) and protein levels
were assayed d by western blot (B). ChIP was prepared from differentiated VDEC cells previously treated
with 100nM DHT for 48 h (C). Analyses were carried out with control (IgG) or antibodies against AR or
NPM1 and the precipitated chromatin was amplified by PCR using primers flanking the proximal
promoter region (ARE) of the Akr1b7 gene. (D, E, F) Same as in A and B except that VDEC cells were
incubated with or without the NPM1 inhibitor NSC38884 (3µM) for 48 hours before assessment of the
Akr1b7 mRNA (D), Akr1b7 protein (E) and AR protein levels (F). (G) Luciferase reporter activity in AR
co-transfected HeLa cells is shown for the Akr1b7 proximal promoter with or without NSC34884 (left
panel) or siRNA against NPM1 (siNPM, right panel) in the presence or absence of 10nM DHT. Results
in A, D, E and G are presented as mean ± SE of values of three independents experiments. * P < 0,05,
compared with non-treated cells.
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in both control and NPM1-silenced cultures. Consistent with this finding, disruption of NPM1 363 
oligomer formation by the small molecular inhibitor (SMI) NSC34888 did not reveal any 364 
difference in the in vitro differentiation capacity of cultured VDEC (Fig. 3E). Together, these 365 
data clearly indicates that NPM1 is required for vas deferens epithelial cell proliferation but 366 
its down-regulation unlikely acts a key regulatory event for the proliferation to differentiation 367 
switch. 368 
369 
NPM1 inhibition impairs AR-dependent transcription in 370 
differentiated VDEC 371 
Androgens are crucial in driving terminal differentiation in the male genital tract epithelia 372 
and their effects require transcriptional changes mediated by repressive and activating histone 373 
modifications affecting AR transcriptional activities. Since we have previously shown that 374 
NPM1 regulates androgen-stimulated transcription in human prostate cancer cells [16], we 375 
examined whether NPM1 also regulates the expression of the well-known Akr1b7 androgen 376 
regulated target gene in differentiated epithelial cells of the vas deferens. Four days after 377 
differentiation, cells silenced or non-silenced for NPM1 were treated with 100nM DHT and 378 
twenty-four hours later, the endogenous androgen responsive Akr1b7 protein and mRNA 379 
levels were measured respectively by western blotting and reverse transcription real-time 380 
PCR. The results in Figures 4A and B show that depletion of NPM1 strongly reduced the 381 
Akr1b7 mRNA level as well as the protein abundance by more than 90%. This let us 382 
hypothesize that NPM1 might be involved in the transcriptional activation of the Akr1b7 gene 383 
promoter, an issue that have been addressed in vivo using chromatin immunoprecipitation 384 
(ChIP) assays. Because the activation of Akr1b7 gene promoter is very heterogeneous in the 385 
VDEC population and increases with both androgen concentrations and time of incubation, 386 
 19 
ChIP assays were performed using differentiated vas deferens epithelial cells treated for 2 387 
days with 100nM DHT. After harvesting, anti-NPM ChIP assays demonstrated reproducible 388 
enrichment at the proximal -118/-96 ARE of the Akr1b7 endogenous target gene relative to 389 
mock rabbit IgG samples in response to DHT (Fig. 4C). Reproducible enrichment was also 390 
observed at the same ARE after anti-AR ChIP demonstrating that NPM1 can be selectively 391 
recruited to the AR bound proximal promoter of the Akr1b7 target gene in an androgen-392 
dependent manner.  393 
Similar to the findings in Figures 5A and B, treatment of VDEC with 3µM NSC348884 394 
decreases Akr1b7 mRNA level by 50% following exposure to DHT when compared to control 395 
non treated cells (Fig. 4D) whereas in the Akr1b7 protein had fallen by around 40% in the 396 
same conditions (Fig. 4E). Since AR protein accumulation was not significantly affected (Fig. 397 
4F) our results are in accordance with the notion that inhibition of NPM1 can influence AR 398 
transcriptional activity. NSC348884 at 3µM (for VDEC) and 2,5µM (for HeLa) did not affect 399 
cell viability by inducing apoptosis (data not shown) and thus, we examined the activity of the 400 
Akr1b7-luciferase reporter gene in transfected HeLa cells treated with NSC 348884. As 401 
expected, inhibition of NPM1 reduced DHT-stimulated transcription of the Akr1b7-luciferase 402 
reporter gene by about 40% (Fig. 4G, left) while depletion of NPM1 significantly decreased 403 
the Akr1b7-driven luciferase expression by 70% in HeLa cells after NPM1 siRNA 404 
transfection (Fig 5G, right). Although NPM1 was described as a key factor in rRNA 405 
processing [2], the decreased DHT-dependent transcription we observed is unlikely the result 406 
of a general effect on transcription since expression of a CMV-driven luciferase reporter gene 407 
was unaffected by the reduction of NPM1 (data not shown). 408 
Taken with our current immunoprecipitation and western analysis, these findings indicate 409 
that NPM1 and AR can reside within a same protein complex in non transformed epithelial 410 
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cells from male genital tract tissues and are recruited onto the same response elements to 411 
control target genes expression after stimulation with androgens.  412 
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Discussion 413 
The mechanisms by which androgens support male reproductive functions are not fully 414 
understood despite the well-established fact that they serve critical roles in differentiation, 415 
maturation and proper functioning of the male reproductive system. The androgen receptor 416 
(AR) mediates the effects of androgens and like other nuclear hormone receptors, functional 417 
activities of the AR can be modulated through interactions with various co-regulators [33]. In 418 
the present report, we demonstrated that nucleophosmin (NPM1) is co-expressed with AR in 419 
many male reproductive organs as well as other tissues such as the brain and the adipose 420 
tissue of mice. In addition, it is highly abundant in the ex vivo model of vas deferens epithelial 421 
cells maintained in proliferation while it is present at a much lower levels after differentiation 422 
and preferentially co-accumulates with the AR in the nuclei. Thus far, biochemical analyses 423 
have established that NPM1 associates with DNA and RNA [34], processes RNA [35], 424 
prevents misfolding and aggregation of targets proteins as a molecular chaperone [36] and 425 
mediates chromatin assembly as a histone chaperone [3]. Moreover, the biological 426 
significance of NPM1 in ribosome biogenesis and transport [2], anti-apoptotic activity [37], 427 
the regulation of centrosome duplication [38] and the regulation of tumor suppressor such as 428 
ARF and p53 have also been documented [9]. Here, we show that NPM1 is recruited to the 429 
endogenous androgen-responsive Akr1b7 gene promoter and acts as an AR co-activator. In 430 
light of these results, we hypothesize that NPM1 plays crucial roles in the regulation of AR 431 
transcriptional activity upon functional maturation and differentiation of androgen-responsive 432 
epithelia in the male genital tract. 433 
In this study, we demonstrated by immunostaining studies that both proteins show a 434 
nuclear distribution in epithelial cells of mice ventral prostate, epididymis and vas deferens 435 
with AR co-localizing with NPM1 in one to two aggregates in the nucleolar compartment. 436 
These organs are profoundly influenced by androgens and our investigations point to the 437 
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coordinate and dynamic modulation in nuclear-associated NPM1 and its link to AR in 438 
response to stimulation with androgens in differentiated epithelia of the male genital tract. 439 
NPM1 knockout results in lethality between embryonic day E11.5 and E12.5 in mice [9] and 440 
does not allow to define in vivo NPM’s physiological function in modulating androgen 441 
actions in male reproductive tissues. However, our use of a mouse androgen sensitive vas 442 
deferens epithelial cell line emphasizes the aforementioned hypothesis. First, down-regulation 443 
of NPM1 upon epithelial cell differentiation results in a loss of a cytoplasmic-associated 444 
NPM1 without a significant change in the nuclear levels of the protein while the nuclear 445 
fraction of AR strongly increases in the same conditions (this study and [12]). Second, 446 
endogenous NPM1 was found specifically co-immunoprecipitated with AR using nuclear 447 
extracts and conversely, endogenous AR was also detected in the complex pull-downed by an 448 
NPM1 antibody. In agreement with these observations, NPM1 is known to be less abundant in 449 
resting cells than in proliferating cells [39] and more notably, the nucleolar residency of 450 
NPM1 in differentiated VDEC cells is somehow fitting with its described localization at the 451 
nucleolus which is suggested to be regulated by post-translational modifications. Recently, 452 
Wang et al. reported that casein kinase 2 (CK2)-mediated phosphorylation of NPM1 is 453 
essential for its retention in the nuclear compartment [40] leading to its stabilization in the 454 
nuclear matrix [20]. Because, androgens have been shown previously to enhance 455 
phosphorylation of NPM1 by protein kinase CK2 in the rat ventral prostate nuclei [41], one 456 
possibility is that androgens may regulate the dynamic nature of NPM1 in the nucleolus and 457 
its ribosome biogenesis function. In this context, it is noteworthy that synthesis of ribosomes, 458 
especially their assembly into polysomes, markedly declined after androgen deprivation 459 
[42,43]. In addition, prostatic ribosomes from animals treated with 5α-dihydrotestosterone 460 
support a significantly higher incorporation of radiolabelaled amino acids into proteins than 461 
do ribosomes isolated from castrated animal controls [43]. How androgens participate in 462 
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rRNA synthesis, ribosome biogenesis and polysomes assembly is not yet fully understood 463 
however, one hypothesis is that the interaction described herein between AR and NPM1 may 464 
be important for the production of new ribosomes as a prerequisite for sustained androgen-465 
dependent epithelial cell growth and differentiation. 466 
Recently, we presented evidences revealing that NPM1 operates as a novel AR-binding 467 
transcriptional co-activator in androgen-associated gene transcription, albeit in a pathological 468 
context [16]. In the present study, we further demonstrate that NPM1 is involved in mediating 469 
gene expression induced by androgen signalling, thus acting as a positive co-regulator of AR 470 
during epithelial cell differentiation. To delineate the functional significance of NPM1 in AR-471 
mediated gene expression, we examined the expression profile of the androgen-responsive 472 
gene Akr1b7 in differentiated VDEC cells treated with the small molecular inhibitor 473 
NSC348884 which targets NPM1 oligomer formation. Compared with the control, we 474 
observed that NPM1 dimer disruption decreases by half the accumulations of Akr1b7 475 
transcripts and protein that were previously found to be up-regulated in the presence of 476 
androgens. This reiterates the potential importance of NPM1 as a transcriptional co-activator 477 
that regulates AR-mediated gene transcription and in this regard, transcription of a luciferase 478 
gene reporter driven by the Akr1b7 promoter is decreased when NPM1 is knocked-down or 479 
inhibited. These observations indicate that oligomerization of NPM1 may be a necessary step 480 
in regulating its transcriptional role during AR-induced transcription and prompt us to 481 
speculate that NPM1 may function as a molecular chaperone for AR, preventing self-482 
aggregation, aiding AR complex formation or regulating its trafficking and correct cellular 483 
localization. This activity might be explained by the ability of NPM1 to bind nuclear 484 
localization signal containing peptides and to stimulate import of proteins into the nucleus 485 
[1,36]. By doing so, NPM1 could presumably mediate the nuclear import of AR into the 486 
nucleus upon epithelial cell differentiation and ensure AR stabilization in a transcriptional 487 
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competent state as already proposed for other transcription factors. On the basis of these 488 
observations, we therefore examined the functional relationship between AR and NPM1 on 489 
the proximal ARE of the Akr1b7 promoter. To this end, our ChIP analysis indicates that 490 
recruitment of AR and NPM1 to the proximal promoter of Akr1b7 in response to stimulation 491 
with androgens is evident and concomitant with Akr1b7 mRNA upregulation. Such a co-492 
localization at the Akr1b7 promoter strengthens a functional involvement of NPM1 in the 493 
AR-mediated transcription activation and is still consistent with the existing evidence that 494 
changes in NPM1 localization might closely relate to its AR regulatory functions. 495 
The hypothesis described above warrant further investigation, but we cannot overlook 496 
the possibility that NPM1 enhances AR-dependent transcription. For example, NPM1 is 497 
capable to bind to histones [3], activates transcription from a chromatin template [45] and 498 
participate to the regulation of transcription through its interaction with several transcription 499 
factors [14,46]. Recently, NPM1 was described as a novel chromatin-remodeling factor which 500 
ability to enhance chromatin transcription is dependent on acetylation. In fact, NPM1 was 501 
shown to be acetylated by the histone acetylase p300, resulting in an increased affinity toward 502 
acetylated histones [45]. Interestingly, ligand-induced AR activity is also enhanced by p300 503 
and mutation of the AR acetylation motif reduces DHT-stimulated activity revealing thus that 504 
acetylation is an essential step in ligand-dependent activation of AR [47]. Together with our 505 
data showing that NPM1 is an AR-interacting protein expressed in male androgen target 506 
tissues, these findings suggest that NPM1 and p300 could be recruited with AR in a 507 
transcriptional regulatory complex in response to androgens. Moreover, our results relative to 508 
the global changes in histone H3 methylation suggest that NPM1 might also interact with 509 
histone demethylation enzymes affecting transcriptional gene activation. Therefore, a 510 
potential role for NPM1 in the regulation of AR transcriptional activity should be further 511 
 25 
explored to determine whether NPM1 participates to the modification of promoter-associates 512 
epigenetic marks and to the recruitment of the RNA polymerase II onto chromatin. 513 
In summary, we have evaluated NPM1 expression in male mouse reproductive tissues 514 
and have observed that both NPM1 and AR co-localize in the nuclear fraction of androgen-515 
sensitive vas deferens epithelial cells after differentiation. Inhibition and/or depletion of 516 
NPM1 decreased expression of the androgen target gene Akr1b7 and our current 517 
immunoprecipitation/western analysis agree with the results of the ChIP assay suggesting that 518 
NPM1 and AR interact with each other and bind to promoter and enhancer elements of 519 
androgen responsive genes. These data support the hypothesis that changes in NPM1 520 
localization closely relates to its regulatory function in the nuclear compartment and represent 521 
an event in modulating response to androgens in epithelial cells of male reproductive tissues.  522 
523 
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Akr1b7, aldo-keto reductase 1b7; AR, androgen receptor; ARE, androgen-responsive 532 
element; ChIP, chromatin immunoprecipitation; DHT, 5α-dihydrotestosterone; MAPK, 533 
mitogen-activated protein kinase; NPM1, nucleophosmin; NSC348884, di-[((6-methyl-1H-534 
benzo[d]imidazol-2-yl)methyl)((5-methyl-3-oxo-3H-indol-2-yl)methyl)]) aminoethane; PolII, 535 
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